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ABSTRACT

ANALYSIS AND EXPRESSION OF CRIMEAN-CONGO HAEMORRHAGIC FEVER

VIRUS NUCLEOPROTEIN

by

Adrienne F.A. Meyers

University of Manitoba, August 2006.

Crimean - Congo haemorrhagic fever virus (CCHFV) is a member of the family

Bunyaviridae, genus Nairovirus. CCHFV is transmitted by tick vectors and is the

causative agent of human disease in more than 30 countries in Asia, Africa and

Europe. The global distribution of CCHFV is closely linked to the geographical location

of its vector, most commonly Hyalomma sp. ticks. As seen in other bunyaviruses, the

viral genome is comprised of a tri-segmented, negative-sense RNA genome which

encodes four structural viral proteins; the RNA-dependant RNA polymerase (L), the

surface glycoproteins Gn and Gc, and the viral nucleocapsid protein (NP). ln contrast

with other bunyaviruses, relatively little is known about the molecular biology of

CCHFV. The NP is known to encapsidate the viral genome and is an important

component of the ribonucleoprotein (RNP) complex. A strong humoral immune

response is directed at the NP. Given that bunyaviruses lack a matrix protein

equivalent, it was hypothesized that the NP would fulfill the role of mediating viral

assembly and/or release from cells. The main objectives of this study were to (A)

obtain basic virus infection kinetics in different cell lines and (B) clone and express the

CCHFV NP and assess its role in the maturation and budding of viral parlicles. To

address these objectives, infection of HuH7, VeroE6 and SW13 cell lines with CCHFV

XTV



was carried out and both cells and supernatants were harvested at regular intervals to

assess the appearance of vRNA, cRNA and NP protein. Results indicated the SW13

cell line as providing the most reliable levels of both RNA and protein production. For

evaluation of CCHFV NP function, the NP was cloned into a eukaryotic expression

vector and expression was evaluated by western blot analysis and both

immunofluorescent and confocal microscopy. Confocal microscopy demonstrated a

cytoplasmic localization of the NP when expressed alone. When the viral glycoproteins

were co-expressed, the NP was redistributed and could be detected in both the Golgi

apparatus and the ER, similar to NP localization during CCHFV infection. Western blot

and electron microscopy analysis identified NP-driven formation and release of virus-

like particles (VLPs). Co-expression of Gn and Gc resulted in the incorporation of the

glycoproteins into the VLPs and increased stability of VLPs. VLPs formed by both NP

alone and NP/Gn/Gc were similar to authentic CCHFV virions and demonstrated the

same sensitivity to proteinase K digestion. Our data indicate an important role for the

NP in mediating particle maturation and release, suggesting a matrix protein-like

function for the NP. ln addition to providing important information about mechanisms

of virus assembly, VLPs provide an attractive avenue for both diagnostics and vaccine

development in that the immunogenicity associated with VLPs is typically quite high.

XV



lntroduction

1.0 lntroduction

1.1 History of the Family Bunyaviridae

Virus members of the family Bunyaviridae are found all over the world. Most are

arthropod-borne animal viruses with the most common vectors being

mosquitoes, biting flies and ticks. The maintenance of these viruses in nature is

achieved by a transmission cycle between the arthropod vectors and vertebrate

hosts such as rodents, small mammals and birds. Several members of this

family of viruses are known to cause disease in humans (Calisher, 1996, Nichol,

2001, Schmaljohn, 2001 ).

The first bunyavirus to be identified was the Bunyamwera virus (genus

Bunyavirus), isolated from mosquitoes in 1943. Although only mild illness in

humans results from infection with this virus, it provided a substantial platform for

development of molecular and diagnostic methodologies. Following subsequent

isolation of novel arboviruses over the next 30 years, classification and

characterization of distinct serogroups ensued. Electron microscopy further

aided in the division of these viruses based on size and morphogenesis within

cells. An additional level of classification came about as the realizatÍon that

differences in viral vectors existed. Since the 1980's, the biochemical and

molecular characterization of this virus family has allowed for specific

membership to a particular genus within the family. The lnternational Committee

for the Taxonomy of Viruses (ICTV) has updated recognition and groupings of

viruses over the years.
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1.2 Classification

1.2.1 Taxonomy and Nomenclature

The family Bunyaviridae is comprised of more than 300 virus species, most of

which are grouped into five genera; Orthobunyavirus, Nairovirus, Phlebovirus,

Hantavirus and Tospovirus (Schmaljohn, 2001). ln addition, there are several

viruses that remain ungrouped - these viruses lack antigenic and biochemical

characteristics seen with established members of Bunyaviridae genera yet

morphology and structural features permit links at the taxonomic level of family at

this time. The five genera represent distinct groupings of viruses with unique

modes of transmission. Taxonomic divisions of bunyaviruses also reflect

differences in molecular characteristics such that very few sequence similarities

are noted between different genera. ln general, viruses within the same genus

demonstrate sequence homology, with an increase in similarity between

serologically related viruses. The Crimean - Congo Haemorrhagic Fever Virus

(CCHFV) belongs to the genus Nairovirus in the Bunyaviridae family (Elliott,

2000). Of 34 members of the Nairovirus genus, all are transmitted by ticks yet

only three have been described to cause human disease; Dugbe virus, Nairobi

sheep disease virus (both strains of the Dugbe virus species) and CCHFV.

Table 1 illustrates the grouping of nairoviruses to seven species based on

serological crossreactivity and biochemical similarities.
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(Table 1)

Table 1. Different species within the genus Nairovirus, family
Bunyaviridae. Note that all members are transmitted by tick vectors and
only 3 are responsible for causing human disease.

1.2.2 Biohazard Classification

There are different levels of classification for members of the Bunyaviridae

family, depending on the specific virus in question. Criteria such as

pathogenicity, infective dose, mode of transmission, host range, availability of

prophylactic measures (i.e. vaccines) and/or effective therapeutics are used in

assessing different agents and providing a risk-group classification for infective

organisms. Risk group 4 agents such as Crimean-Congo Haemorrhagic Fever

Virus Species Vector

TYPe

Crimean-Congo haemonhagic Ticks

fever virus

Human

Disease

Yes

Assigned

Abbreviation

CCHFV

DGKV

TFAV

DUGV

HUGV

QYBV

SAKV

Dera Ghazi Khan virus

Thiafora virus

Dugbe vírus

Hughes virus

Qalyub virus

Sakhalin virus

Ticks

??

Ticks

Ticks

Ticks

Ticks

No

No

Yes

No

No

No
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Virus are defined as possessing a high risk to both the individual and the publÍc

and are organisms known to result in serious disease in humans and/or animals.

Such pathogens are typically untreatable and highly transmissible between

people and potentially between animals and humans as well. Based on the risks

associated with such agents, any work done with them must be conducted within

a certified Biosafety Level 4 (BSL4) laboratory utilizing standard operating

procedures for biosafety such as those available for the Public Health Agency of

Canada.

1.3 CCHFV as a Potential Biological Weapon

The pathogenic nature, the high mortality rate, human - human transmission,

the possibility of transmission by aerosol route combined with the lack of efficient

prophylactic or therapeutic measures all make infection with CCHFV a significant

public health concern and this is not limited to endemic areas of the world (Borio

et al., 2002). This virus is fairly widespread and thus not difficult to obtain. Due

to difficulties associated with growing the virus to high titers in cell culture,

CCHFV is not currently considered to be an agent of high risk to be used in a

bioterrorist attack; however, with the ongoing increase in technological

development and understanding of virus mechanics, the virus could indeed

become a greater threat in the future. For these reasons, this pathogen is

characterized as a potential agent of bioterrorism.
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1.4 Genome Structure

All bunyavirus genomes are comprised of tri-segmented, single-stranded RNA

molecules that form circular panhandle structures because of complementarity at

the termini of each segment (Elliott et al., 1991, Schmaljohn, 2001). For

nairoviruses, the L RNA is 12 to 14kb, M RNA is 4.3 to 6.3 kb and the S RNA 1.7

to 2.0 kb, with the RNA contributing 1-2% of the total virion weight. There is a

unique consensus 3' terminal sequence consisting of 3' - AGAGAuUUCU... in the

genomic RNA of all three segments.

The tripartite genome of bunyaviruses raises the question of segment

reassortment and in fact, reassortment of segments has been described for a

number of members of thís virus family, including most recently CCHFV

(Lukashev, 2005). There is a strong interrelationship between the viral

nucleoprotein and RNA-dependent RNA polymerase which suggests that the S

and L segments may stay close together when faced with reassortment

opportunities. lt does in fact appear as though the S and L segments have

evolved as partners whereas the M segment is more autonomous.

Recombination is seen between viruses that are closely related antigenically and

within the same genus and recent evidence suggests that recombination of

segments occurs in the Nairovirus genus as well (Hewson et al., 2004b).

As more and more bunyavirus genome sequence determinations are completed,

it is evident that the majority of nucleotide sequence is protein encoding - a

feature common to most negative stranded RNA viruses.
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1.5 Virion Morphology

The molecular mass of an average nairovirus particle is 6.2 to 7.5 x 106 Da with a

density in sucrose of 1.16 - 1.18glcc or 1.20-1.21glcc in CsCl. Virions are

enveloped and pleomorphic in shape and usually fall in the range of 80 -120 nm

in diameter, and basic structural features and physiochemical properties are

typical for members of the Bunyaviridae (Donets et al., 1977, Korolev et al.,

1976, Martin etal., 1985, Schmaljohn,2001). As seen in Figure 1, there are 3

nucleocapsid segments per enveloped virion, a large (L) segment encoding the

viral RNA dependent RNA polymerase, a medium (M) segment encoding the

viral glycoproteins (Gn and G.) and a small (S) segment encoding the viral

nucleoprotein (NP). Although currently not described for nairoviruses, some

Bunyaviridae family members encode non-structural proteins, associated with the

M segment (Bunyamwera and Rift Valley Fever Viruses) or the S segment

(Uukuniemi, Rift Valley Fever and Tomato Spotted Wilt Viruses) (Bishop, 1996,

Calisher, 1996, Elliott, 2000, Elliott et al., 1991, Marriott, 1996). Glycoprotein

spikes (heterodimers of Gn and G.) approximately 1Onm in length project from

the surface of virions. ln general, the nucleocapsids are filamentous and helical

symmetry is displayed by members of this virus family. The lipid envelope of the

viral particles protect the helical nucleocapsids.



(Figure 1)

80 - 120nm

Figure 1. Schematic drawing of Bunyavirus virion containing the three genomic
segments L (coding_for RNA -dependent RNA polymerase), M (co¿¡ng for glycoþroteins
GN and GC) and S (coding for nucleocapsid protein NP). Note-tfre gÚcoproteins
protruding from the host.derived lipid envetope and the nucleocap!íd proteins
associated with each of the 3 genome segments.

Ribonucleocopsids

Lipid Envelope

@ L protein

ð

T

NP

Gn and ê¿
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1.6 Viral Proteins

Virions typically contain four structural proteins which include the nucleocapsid

protein (NP), and surface glycoproteins (Gn and Gc) and the RNA-dependent

RNA polymerase (L) protein (Marriott, 1996, Schmaljohn, 2001). The NP is

encoded by the S RNA, the glycoproteins are encoded by a single open reading

frame (ORF) in the M RNA which is then cotranslationally cleaved to produce Gn

and Gc, and the L protein is coded by the L RNA. The RNA segments form

complexes with NP and L to form individual helical L, M, and S

ribonucleocapsids, and a minimum of 1 each of the L, M, and S

ribonucleocapsids must be inside a virion for infectivity (Bishop, 1996). A listing

of bunyavirus proteins and their proposed functions can be seen in Table 2.
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(Table 2)

Table 2. Summary of the four structural proteins present in all
bunyaviruses (L, Gn, Gc, NP) and one nonstructural protein (NSs/m)
identified in several species within two genera (orthobunyavirus,
Phlebovirusl.

1.6.1 Nucleocapsid Protein

The nucleocapsid protein gene is located on the S segment of bunyavirus

genomes with (for CCHFV) 1672 nucleotides, 55 of which at the 5' end and 171

at the 3'end are responsible for noncoding regíons (NCRs) (Marriott, 1996). The

remaining nucleotides make up the ORF of the NP which consists of 482 amino

acids and a size prediction of 54 kDa is generally in agreement with observation

Protein Proposed function(s)

L

- RNA-dependent RNA polymerase

- transcriptase

- helicase

Gn/G"
- Mediates viral attachmenUentry to
susceptible cells

NP
- encapsidation of genomic
segments

NSs/m
- role in viral
re p I ication/tra nscri ptio n

- suggested role in regulation of
aPoPtosis
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of the NP by SDS gel electrophoresis. A predicted positive charge for the NP

between +8 to +10 is consistent with charges for proteins that bind to RNA

(negatively charged). The interaction of NP with vRNA Ís thought to be mediated

through the NCRs of vRNA molecules. Hydrophobicity and hydrophilicity plot

predictions for NPs of nairoviruses demonstrate consistent peaks in similar

areas; however, these regions do not demonstrate significant motif conservation

between viruses. Recent data suggests that the CCHFV NP is targeted to the

perinuclear region of cells in an actin-dependant fashion (Andersson et al.,

2004). The NP of nairoviruses is highly antigenic and as such is a major basis

for the development of immunodiagnostic methods(Saijo et al., 2005a, Saijo et

a|.,2005b).

1.6.2 Glycoproteins

The products of M segment translation are class I membrane proteins with the

NHz terminus exposed on the virion surface and the COOH terminus anchored in

the virion membrane. Gn and Gc are the surface glycoproteins of CCHFV virions

and are responsible for mediating attachment and entry of virions to susceptible

host cells. Recently, work done by Nichol and colleagues has identified critical

steps in the expression and processing of CCHFV glycoproteins, providing

significant insight into cleavage of an initial M segment polyprotein into a

glycoprotein precursor PreGn (140 kDa) to yield mature Gn (37 kDa) and a

PreGc (85 kDa) to yield mature Gc (75 kDa) (Sanchez et al., 2006, Sanchez et

al., 2002, Vincent et al., 2003). Specific cleavage by cellular proteases furin at
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the amino acid motif g¿oKKRKKeaa âfld by SKI-I at the amino acid motif eeoRKLL

have been predicted to play important roles in the processing of CCHFV

glycoproteins (Sanchez et al., 2006, Sanchez et al., 2002, Vincent et al., 2003).

Figure 2 illustrates the glycoprotein processing. Similar strategies have been

described for glycoprotein processing in other viruses including the Arenavirus,

Lassa virus which is cleaved by SKI-I (Eichler et al., 2003a, Eichler et al., 2004a,

Eichler et al., 2003b, Lenz et al., 2001) and the filoviruses Ebolavirus and

Marburgvirus which are cleaved by furin (Volchkov et al., 1998a, Volchkov et al.,

1998b, Volchkova et al., 1998).

Work done using recombinant CCHFV glycoproteins demonstrated the

subcellular localization of Gn to the Golgi apparatus and Gc to the endoplasmic

reticulum when expressed on its own, or to the Golgi when co-expressed with Gn

(Haferkamp et al., 2005). lt is known that the maturation of bunyaviruses follows

a pathway involving budding through the endoplasmic reticulum into vesicles that

pinch off from the Golgi complex. The recombinantly expressed glycoproteins

demonstrated that the budding site at the Golgi is determined by retention of Gn

and Gc at that location, and specifically Gn carries the retention signal.

11
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Fj01re Z. Proposed Model for Processing of GGHFV glycoprotein precursor to yield Gn and Gc. From Vincent et
al', 2003. The precursor GP is initially synthesized as a þrecursor whjch is cleaved (perhaps by a signal peptidase) to
PreGn and PreGc at the time of translatio¡. PreGc is processed via cleavage after RKpL motif (en iyme rñeOiaiinb deavåge
unidentified) to form the mature Gc and PreGn is cleaved after RRLL Oy Skl-l to yield the mature Gn. Mature Gn and Gc
are associated with CCHFV virions. lt is unclear at this time if furin cleaves the GP at RSKR motif to release a smaller
molecular weight species. Potential sítes of glycosylation are indícated by long (O-) and short (N-) y bars.

*igmBlose?
I

PreËn

FElTR
stfl'l

:i-
Loaltur I
Hot¡r*ç?

I

FrsGc
I
?
$Kl'îd¡hü

oïo 
+

ffiffiffi



Introduction

1.6.3 RNA-dependent RNA Polymerase (L)

The L RNA of nairoviruses is approximately 12 - 14kb as estimated by gel

electrophoresis, and the L protein at -200 kDa is significantly larger than

homologous proteins of the other genera within the family (Elliott, 2000, Elliott et

al., 1991, Marriott, 1996, Schmaljohn,200l). The 3'and 5'termini share

sequencé conservation with the M and S segments. A single long ORF is

responsible for production of the L protein and no other ORFs have been

identified on this segment. Recently, the complete nucleotide sequence of

CCHFV L segment was described for the first time in the literature by two

independent groups (Honig et al., 2004a, Kinsella et al., 2004). since then,

further sequence information has been provided on the L segment from different

virus strains and provides insight into geographical relationship to genetic

variation (Chamberlain et al., 2005, Meissner et al., 2006a, Meissner et al.,

2006b). The sequence is roughly 60% identical to the L segment of Dugbe virus,

the only other member of Nairovirus to have a completed sequence

determination. Based on this information, it appears that the L protein has

features consistent with viral helicases, both helicase and potymerase activity

within the same protein. ln addition, there is a high level of homology with

ovarian tumor-like proteases (OTU-like), a family of cysteine proteases, which

suggests that the CCHFV L may carry out autoproteolysis to yield individual

polymerase and helicase proteins. Clearly, investigation into specific processing

and activities of the L will be important now that the sequence information is

available. The ongoing sequence data collection for different strains from

13
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different geographical locations is improving our understanding of the evolution of

the virus (Chamberlain et al., 2005, Hewson et al., 2004a, Hewson et al., 2004b).

1.7 Viral Replication Gycle

The replication cycle utilized by bunyaviruses, as seen in Figure 3, is similar for

other enveloped viruses. All stages of replication take place within the cytoplasm

of infected cells. Relatively little is known about the molecular details of

nairoviruses, including specifics surrounding the kinetics of viral infection.
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(Figure 3)
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Figure 3. Schematic representation of Bunyavirus life cycle (A) and replication, transcription, packaging and
production of viral proteins (B). N = nucleotides added to the 5'end of mRNA via cap-snatching mechanism. The life cycle in
A involves (1) virion attachment to cell surface receptors, (2) receptor-mediated endocyiosis and uncoating of virus, (3) piimary
transcription, (4)translation of viral proteins, (5) replication of genomic RNA via a cRNA intermediate, (ô) assembly of virions at Golji
apparatus, and (7) release of virus from cell (exocytosis), Note the nucleocapsid inclusion body within tlre c¡opdsm, a feature seen
with many bunyaviruses. (adapted from Whitehouse 2004). B illustrates the various RNA species produced during replication and
transcription including the polarity of each species.
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1.7.1 Growth Gharacteristics

Traditionally, nairoviruses have been isolated and propagated by intracerebral

inoculation of suckling mice (Smirnova et al., 1977). To date there is no suitabte

animal model for CCHFV infections. Although nairoviruses are capable of

growing in a wide variety of primary and cell line cultures (i.e. VeroE6, BHK-21,

CER, LLC-MK2), it is difficult to achieve high titered viruses by this method.

There is very little cytopathic effect (CPE) associated with these viruses as well

and so immunofluorescent plaque assays have met with the most success when

attempting to titrate the viruses. The human adenocarcinoma cell line SW13 is

the most widely used in propagation of CCHFV.

1.7.2 ViralAttachment and Entry

lnitial attachment of virus particles to susceptible cells involves an interaction

between cell surface receptors and the viral surface proteins Gn and/or Gc

(Schmaljohn, 2001). The identity of the cell-surface receptor mediating

attachment of CCHFV remains to be described. Although specifics surrounding

uptake of CCHFV into cells are unclear at this time, the appearance of virions in

phagocytic vesicles within the cell cytoplasm suggests endocytosís.
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1-7.3 Viral Replication in Susceptible Host Cells (Figure 3) (Schmaljohn,

20011

Replication is initiated by attachrnent of virions to cell-surface receptors.

Following attachment and entry, fusion of membranes releases viral

ribonucleocapsids and the L protein to the cellutar cytoptasm. lt has been

suggested that acidification of the endocytic vesicles mediates a conformational

change in the Gn and/or Gc which in turn leads to fusion of viral and cellular

membranes and the subsequent release of viral contents to the cytoplasm. lt is

within the cytoplasm where primary transcription of viral complementary mRNA

from the genome takes place utilizing the viral L protein and host cellderived

mRNA primers. Only ribonucleocapsids are capabte of acting as templates for

transcription. There are differences between viral RNA (vRNA) and mRNA at

both 5' and 3' termini. Since the priming of mRNA synthesis is achieved using a

cap-snatching mechanism with capped oligo's from the host mRNAs via

endonuclease activity of the L protein, an additional 10-20 nucleotides are

present in mRNAs that are absent in vRNA. \Mth respect to the 3'end of mRNA,

there is a truncation of approximately 100 nucleotides as compared with the viral

RNA' ln addition it does not appear that NairovirusmRNAs are polyadenylated.

The switch from primary transcription to replication involves moving away from

mRNA synthesis to synthesis of full-length complementary RNA (cRNA)

templates and amplification of vRNA. This involves a change in the activity of the

L protein. lnitially it functions as an endonuclease to prime transcription of

subgenomic RNA, then it must move to initiate transcription at the exact end of
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the template for the synthesis of a fullJength transcript. While it has been

suggested that both viral and host factors may be involved in this switch from

transcription to replication, the precise details have not yet been described. Not

long after infection, viral polypeptides are synthesized and processed.

Ïhe Golgi apparatus is the site of virus maturation where accumulation of Gn and

Gc and terminal glycosylation take place. Modified host cell membranes encase

the circularized nucleocapsids and virions form by budding through the

endoplasmic reticulum into vesicles of Golgi cisternae. Virions are presumably

released by fusion of the cytoplasmic vesicles with the plasma membrane or

during rupture of infected cells (Elliott,2000, Elliott et al., 1991, Schmaljohn,

2001).

The recent development of a minigenome system for CCHFV is a useful tool to

further identiff key events in transcription and replication of this virus and will aid

in the establishment of an infectious clone system which would improve our

understanding of the pathogenesis associated with CCHFV infections (Flick et

al., 2003). Signals for transcription initiation and termination are believed to be

within the NCRs of the gene segments and the minigenomes from the reverse

genetics system can help identiff such elements. A schematic outline of major

stages during infection can be seen in Figure 38.

1.8 Crimean - Gongo Haemorrhagic Fever (GCHF)

Crimean - Congo haemorrhagic fever (CCHF) is a disease that is believed to

date back as far as the 12th century to the present-day region of Tadzhikistan
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(Hoogstraal, 1979). The illness described includes a haemorrhagic disease

caused by a louse or tick and presented with blood in urine, rectum, gums, vomit

and abdomen. lt appears that CGHF was present in southern Uzbekistan for

centuries although known by different names including khungribta (blood-taking),

khunymuny (nose-bleeding) and karakltalak (black death). This was also evident

in Central Asia where many different names were used to describe a disease

state that is thought now to be CCHF.

ldentification of CCHF was first made tn 194411945 during the war in the western

Crimea when approximately 200 members of the Soviet military were infected

with what was then termed Crimean haemorrhagic fever (CHF) (Whitehouse,

2004). A virus was known to be associated with the illness based on the fact that

reproduction of a febrile illness was induced in psychiatric patients undergoing

treatment that involved inoculation with the blood of CHF patients. The virus was

first isloated in 1967 from newborn white mice and was then termed the Drosdov

strain after the patient from whom the sample originated. This became the

prototype strain which was used for a great deal of experimental work in

subsequent years and aided in demonstrating that this virus was

indistinguishable from the Congo virus which was first isolated from a febrile boy

in Stanleyville, Democratic Republic of the Congo. Eventually the virus came to

be known as the Crimean - Congo haemorrhagic fever virus (Casals, 1g6g,

Chumakov et al., 1970, Simpson et al., 1967, Woodall et al., f 967).

The CCHFV is an important human pathogen that is responsible for significant

human mortality. The disease has been described in more than 30 countries in
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Africa, Asia, and Europe with new locations reporting cases every year (Alavi-

Naini et al., 2006, Burt & Swanepoel, 2005, charrel et al., 2004, chevalier et al.,

2004, Darwish et al., 1978, Dunster et al., 2002, Fisher-Hoch et al., 1gg2,

Gonzalez et al., 1989, Gonzalez et al., 1990, Hoogstraal, 1979, Jaureguiberry et

al., 2005, Karti et a1.,2004, Nabeth et al., 20Q4a, Nabeth et al., 2004b, Ozkurt et

a1.,2006, Swanepoel et al., 1985a, Swanepoel et al., 1987, Swanepoel et al.,

1985b, Swanepoel et al., 1983b, Wilson et al., 1990). This disease distribution is

closely linked with the geographical localization of the tick vector species

responsible for transmission of the virus (Figure 4) (Burt & Swanepoel, 2005,

Honig et al., 2004b, Hoogstraal, 1979, Kaul etal., 1gg0).
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Figure 4. Global geographical distribution of GGHFV illustrating countries at risk (based
on presence of tick species known to carry CCHFV) and locations where the virus has
been isolated. Figure courtesy of world Health organization website.
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1.8.1 Clinical Presentation of CCHF

While most vertebrate hosts display no signs of infection, human infection with

CCHFV often manifests as haemorrhagic disease. There are four phases to the

course of infection including incubation, prehaemorrhagic, haemorrhagic and

convalescent and the length of the incubation period is thought to depend on how

one becomes infected (Hoogstraal, 1979). Generally, following infection by an

infected tick bite, the incubation period is in the range of I - 3 days. tn contrast,

infection via contact with infected blood or blood products is in the range of S - 6

days. ln addition to route of exposure, other factors such as viral dose may play

an important role in the length of incubation (swanepoel et al., lggz).

Following the incubation period, the initiat onset of symptoms is quite sudden and

severe, characterized by fever, chills, myalgia, headache, dizziness, neck and

back pain, photophobia and may be accompanied by abdominal pain, diarrhea

and anorexia. Nausea, vomiting and sore throat have also been described in the

early phases of infection. The fever is guite high, between 3g - 41'c and can

remain high for 5-12 days. Neuropsychiatric symptoms have also been

described in several CCHF patients, such as sharp mood swings, confusion and

aggression. This may be followed by lethargy and depression and a local2ation

of abdominal pain to the right upper quadrant and distinct hepatomegaly.

cardiac involvement, while not always present, may be detected and may

include bradycardia and low blood pressure (shepherd et al., lggs, swanepoet

et al., 1989, Swanepoel et al., lgBZ).
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ln the more severe CCHF cases, 3S days after onset of initial symptoms, the

haemorrhagic phase of illness begins with manifestations of petechial rash on

both internal (mouth and throat) and external (skin) surfaces (Figure 5). These

petechiae may progress to large ecchymoses and further evidence of internal

haemorrhaging such as melaena, hematemesis and epistaxis can be seen by

day 4 or 5, characterized by dark coffee-ground-like vomit and black tarry stool.

ln addition, vaginal, rectal, gingival and cerebral bleeding have also been

reported. Hepatorenal and pulmonary failure may be seen after the Sth day of

illness in severe æses. The mortality rates associated with outbreaks of CCHF

have varied a great deal, and range from 1s - g0% with an average of

approximately 30% and death within the second week of illness (Hoogstraat,

1979, Nichol, 2001). For those patients who recover, convalescence begins

approximately 15 days after the onset of symptoms and is generally associated

with a lengthy weakness. Prolonged neurological symptoms have been

described and may include poor vision, loss of hearing, memory loss and

confusion.
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Figure 5. Extensive ecchymoses on legs and arm of CCHF patients. www.stanford.edu
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As mentioned earlier, CCHFV is an arthropod-borne virus and is transmitted by

ticks, most commonly by members of the lxodidae family of hard ticks. Principal

species associated with CCHFV transmission include, but are not limited to,

Hyalomma sp., Rftþrbephalus sp., and Dermacenforsp. ln fact, a number of tick

species are capable of supporting CCHFV, however the numbers of those that

are able to actually transmit the virus are far fewer (reviewed in (Whitehouse,

2004). A schematic representation of the transmission cycle of this virus can be

seen in Figure 6.

The CCHFV is maintained throughout the various life cycle stages of the tick,

including transovarial and transstadial transmission which keep the virus in a tick

- vertebrate cycle of maintenance which involve wild and domestic animals and

birds. lt is believed that ticks acquire the virus by feeding on small vertebrate

animals on which lhe Hyalomrna sp. typically feed. Once infected, ticks maintain

the virus infection throughout all the developmental stages and as the tick

matures and changes its feeding source to larger animals and livestock, the virus

is then transmitted to these larger vertebrate hosts. No reports of animals

suffering from CCHFV-related disease have been reported.

Transmission to humans can occur in a number of ways, most commonly through

bite from an infected tick, or contact with infected blood, tissue or aerosols from

infected animals. Agricultural and slaughterhouse workers are at particular risk

of infection, as are individuals who spend a great deal of time in the wild, and

military personnel (Frangoulidis & Meyer, 2005). Nosocomial infections have

also been described, usually via contact with an infected individual who has not
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been diagnosed (Fisher-Hoch et al., 1995, van de Wal et al., 1985, van Eeden et

al., 1985a, van Eeden et al., 1985b). Proper banier nursing techniques

effectively limit the chances of infection in a hospital setting (Ergonul et al.,

2006). There has been one report recently suggesting that CCHFV may be

transmitted horizontally between mother and child (Saijo et al., 2004).

26



sl au gh ter ho use w orkers

l\)

þ

]ffir'arse

(Figure 6)

agriculfunal wo

Snall venfebrates

Figure 6' Transmission cycle of CCHFV. The virus is maintained throughout the various stages of the tick tife cycle.
Transmission to vertebrate hosts is largely dependent on the preferred feeding source of each tick developmental stage. Humans
become infected through contact with infected ticks (bite, crushing of tick), contact wíth infected animals (cat¡e, livestock) and human-
human transmission.

"Wffi

,"f#;!,r",@ Nvmphs

@F "-rh\*cklirccYc'kÍ"S4 '"s+øry 
Lonyoe rrôr'-

ampfifier hosts for virus and ticks @ ffi

veterin ar ian s



lntroduction

1.8.3 Diagnosis

Early diagnosis is often associated with a better outcome for infected individuals.

It is also a key factor in preventing transmission to others. Patient history is an

important consideration when making an initial diagnosis and information about

recent travel to endemic areas, exposure to blood or tissues of animals or ticks

should be collected when possible. The viraemic phase of illness is within the

first five days of infection, during which time CCHFV can be isolated from blood

or tissue samples (Shepherd et al., 1989, Shepherd et al., 1gB7). Any isolation

or culturing of virus should be perforrned within a certified BSL-4 laboratory.

Traditionally, successful isolation methods of CCHFV involve intracranial or

intraperitoneal inoculation of sample (i.e. serum from an acutety-infected

individual) into newborn mice. Although less sensitive, isolation in cell culture

has been achieved as well (Shepherd et al., 1987). Historically, complement

fixation, immunodiffusion and haemagglutination inhibition assays have been

inefücient in providing effective methods of detecting CCHFV, largely due to low

levels of sensitivity and/or reproducibility (Swanepoel et al., 1983a). ln addition,

there is very little neutralizing antibody response associated with CCHFV and

they can only be found some weeks to months after infection (Ahmed et al.,

2005). However, alternative immunological assays including immunofluorescent

assays (lFAs) utilizing specific monoclonal antibodies to detect viral antigen or

serological methods such as enzyme-linked immunosorbent assays (ELISA) to

detect lgG and lgM antibodies in patient serum from the 6th day of itlness have

proven quite useful (Burt et al., 1994, Burt et al., 1993, Garcia et al., 2006,
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Gonzalez et al., 1989, saijo et al., 2005a, shanmugam et al., 1926, shepherd et

al., 1988, shepherd et al., 1989, shepherd et al., 1986, shepherd et al., 1997,

Tang et al., 2003). lgM can be detectable for up to 4 months and lgG for 5 years.

Seroconversion from lgM to lgG can be used to demonstrate a recent or current

infection, as can a fourfold or higher increase in antibody titre in paired serum

samples, but these are often difücult to demonstrate.

Other specific detection methods that are effective and often used alone or in

conjunction with the serological methods described above include the reverse -
transcriptase polymerase - chain reaction (RT-PCR) (Burt et at., lgg8, Drosten

et al., 2002, Drosten et al., 2003, Geisbert & Jahrling , zoo4). This highly specific

method is rapid and highly sensitive which compensates for many of the

limitations of the other methods available. The use of RT-pCR on ccHFV

samples provides additional benefits such as epidemiological evaluation and

comparison of samples isolated from different regions. Furthermore, the

development of real-time PCR provides even higher levets of sensitivity,

specificity and rapidity and this technology has been applied to several viruses

that cause haemorrhagic fevers (Ebola, Rift Valley fever, Dengue) most recenly

in the field as well (Callahan et a1.,2001, Garcia et al., zoo1, Towner et al.,

2004). Of course, one must take into consideration that the success of this highly

sensitive method is always dependent on viremia at the time of sample

collection.
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1.8.4 Prophylaxis and Therapeutics

To date, there are no safe effective vaccines available for human use despite

development of a suckling mouse brain, formalin - inactivated formulation in

Bulgaria and former Soviet Union (Whitehouse, 2004). As with all viruses, the

most effective means of preventing infection is to avoid exposure. The ticks that

are known to transmit the virus are both widespread and numerous. lndividuals

living in endemic areas such as lran must use personal protection such as

commercial insect repellent containing diethyl toluamide (DEET) on exposed

skin, limiting exposure to blood and blood products of cattle, livestock, and

examination of clothing and skin for the presence of ticks, especially during the

Spring-Fall when ticks are rnost active. To reduce the risk of nosocomiat

infections, proper barrier - nursing techniques should always be used. ln the

past, severe outbreaks have resulted from lack of proper measure in a hospital

setting (Darwish et al., 1978, Fisher-Hoch et al., 1992, Hoogstraal, 1979, van de

Walet al., 1985, van Eeden et al., 1985a, van Eeden et al., lgBSb).

ln general, treatment of CCHF consists of supportive therapy - monitoring and

replacernent of blood volume for example. Although many avenues have been

explored, there remain very few options available to date and no specific CCHFV

antiviral therapy has been approved. That being said, there are reports of the

use of the antiviral drug ribavirin in clinical settings in Pakistan and lran (Fisher-

Hoch et al., 1995, Mardani et al., 2003) that have rnet with some success.

Ribavirin is a synthetic purine nucleoside analogue that has demonstrated

antíviral activity for RNA viruses. Watts and colleagues (f 989) demonstrated the
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inhibition of viral activity by ribavirin and interestingly sorne strains of CCHFV

were more sensitive than others to the antiviral activity. The mechanism of this

differential sensitivity is unclear. lf ribavirin is administered immediately after the

initial onset of symptoms, the efficacy in treating CCHFV infections can be quite

good. However, since the effectiveness has only been determined based on

observational studies, there is a need for randomized controlled studies to

determine the efñcacy of ribavirin in treating CCHF and identifoing and weighíng

potential side effects versus benefit as a treatment modality (fatar et al., 2005,

Tignor & Hanham, 1993).

Development of antiviral compounds is an active area of research, especially for

agents considered to be at risk for use as biological weapons. Future prospects

for treating CCHF that are on the horizon include two very interesting

approaches. One involves the use of Mx proteins, the interferon-induced

GTPases that have antiviral activity against several viruses, including

bunyaviruses (Haller & Kochs, 2002, Kochs et al., zo02). Recenfly Andersson

and colleagues described the inhibition of CCHFV replication by the human MxA

protein (2004,2006). Further characterization of the mechanisms behind this

phenomenon may lead to the development of new ways of controlling CCHFV

infections. The other novel approach involves the use of RNA interference

(RNAI) as a tool. Garcia and colleagues (2005) report the possibility for inhibition

of nairovirus replication (Hazara virus) within the tick vector via use of RNA¡

which could in theory prevent the virus transmission to vertebrates.
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1.9 Pathogenesis

lnformation about the pathogenesis of CCHF is limited. Due to sporadic

outbreaks in regions lacking adequate hospitals and research facilities combined

with the lack of an effective animal model for infection, it is difficult to obtain

relevant information about the course of clinical pathology. Much of what is

known about the virus itself is largely seroepidemiological in nature. The limited

information available largely arises from alterations in blood chemistry and liver

biopsy material from fatal cases. A study done in South Africa provides some

insight into mechanisms of pathogenesÍs (Srranepoel et al., 1989). Cerebral

haemorrhage, anemia, dehydration, shock, cardiac involvement and pulmonary

symptoms all contributed to a fatal outcome. Multiple organ failure was seen in

fatal cases and this included brain, liver, kidney, heart and lung dysfunction.

Endothelial involvement is presumed to play a major role in the capillary fragility

commonly associated with CCHF. Damage to the endothelium would account for

the petechial rash seen, and hemostatic failure through activation of the

coagulation cascade. Disseminated intravascular coagulopathy (DlC) was atso

identified as an early event in the course of CCHFV infec'tions (Swanepoel et al.,

1989, Swanepoel et al., f 987). Recent work on the haemorrhagic fever virus

Ebola has identified that effec{s on the endothelium are typically mediated by

either viral factors or virus mediated host f;actors that result in activation and

dysregulation of the endothelium (Geisbert et al., 2003a, Geisbert et al., 2003b,

Geisbert et al., 2003c, Schnittler & Feldmann, 2003). Such host derived factors

can include the induction of pro-inflammatory cytokines such as TNF-o (Hensley
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et al., 2002, Wahl-Jensen et al., 2005) alterations in the coagulation cascade and

DlC, and apoptotic cascades (Geisbert et al., 2000). The similar pathogenic

features between CCHFV and Ebola may indicate similar undertying

mechanisms of pathogenesis.

l.l0 Virus - Like Particles

There are different strategies for the encapsidation and protection of viral

genomes. lcosahedral protein shells with highly structured formations are one

strategy, but for negative sense RNA viruses, the structures can be fairly

heterogeneous, both in shape and size. The genomes of these viruses are

complexed with the viral NP proteins in a helical polymerized form, the RNp

complex (Schmitt & Lamb, 2004).

Structural proteins from a variety of viruses are able to assemble into membrane

bound particles, virus - like particles (VLPs) that are similar in many respects to

authentic virions. Most commonly it is the matrix protein from viruses that

mediates the formation of these VLPs atthough glycoproteins have been

described to achieve this function as well (Johnson & Chiu, 2OO0). Often, it is the

combination of matrix protein and glycoprotein that provides an increased

stability and efficiency in particle formation (Schmitt & Lamb, 2OO4). VLps have

been shown to be highly ordered struc{ures that are capable of eliciting potent

immune responses. ln addition to serving as critical templates for assessing

virion assembly, budding and potentially function as well, these VLPs are an

attractive possibility for the development of safe and efficient immunostimulatory
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vaccines since they lack the genetic material and hence infectious and replicative

features of the whole virus (Boisgerault et al., 2002).

1.10.1The Role of Matrix Proteins in VLP Formation

Matrix proteins for many viruses mediate important roles in virus structure and

function and particularly in the assembly and budding of virions from infected

cells. They have been shown in particular for negative sense RNA viruses to

bind viral RNPs, and when mutated, viruses show defects in their ability to

assemble and bud from cells, often lacking the normal RNP complexes within.

lnterestingly, several matrix proteins ftom different viruses are capabte of

budding VLPs independent of any other virus protein (Schmitt & Lamb, 2OO4).

The Rhabdovirus, Vesicular stomatitis virus (VSV) was one of the first viruses

with a matrix protein demonstrating this ability (Harty et al., 2OO1a, Harty et al.,

2o01bl, and since then Ebolavirus matrix protein vp40 (Harty et at., 2ooo,

Jasenosky & Kawaoka,2oo4, Jasenosky et al., 2001, Kolesnikova et al., 2002),

influenza A virus matrix protein (Schmitt & Lamb, 2005) and Sendai virus matrix

protein (Sugahara et al., 2004) have all demonstrated similar abilities. Often, the

co-expression of viral glycoproteins complement the VLP formation and

demonstrated a morphology more in keeping with authentic virions by the

incorporation of glycoprotein spikes into the lipid bilayer of the VLPs. ln some

cases (i.e. Hantaan virus, Ebola virus), budding efficiency is also increased when

the glycoproteins are included in the expression strategy (Betenbaugh et al.,

1995, Licata et al., 2004, Watanabe et al., 2004).
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The incorporatíon of virus genomes into virions budding from cells is presumed to

rely on proper interaction between viral matrix proteins and ribonucleocapsids.

The characterization of viral matrix proteins and critical regions for interaction

with RNPs provides support for this belief. Alterations in sequence or biophysical

properties such as pH or salt concentrations result in alterations in matrix - RNP

interaction either due to morphological changes of the nucleocapsid or

dissociation of native folding patterns of the matrix protein which ultimately leads

to disruptions in virion assembly and budding (Schmitt & Lamb, 2004).

Although budding of VLPs for several negative sense RNA viruses can be

achieved by the matrix protein alone, the efficiency of budding and release can

be increased by the inclusion of additional viral proteins.

1.10.2 Role of Host Factors in Virus/VLP Budding

It has become apparent in recent years that host factors play an important role in

aiding budding of enveloped viruses from cell surfaces. Specific protein domains

known as Late or L domains are suggested to mediate the recruitment of host

cell machinery in such a way to promote virus budding and the removal of such

domains result in accumulation of virus particles below the cell surface and block

their release to the extracellular environment (Freed, 2002). These domains

were first discovered in retroviruses (specifically within the Gag proteins) and

since then have been recognized in several negative strand RNA virus matrix

proteins.
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A number of amino acid sequences have been identified for these L domain

motifs. The sequence P(T/S)AP is one such motif present in the Gag protein of

human immunodeficiency virus type I (HlV-1) (Freed, 2002, Martin-Senano et

a1.,2004). PPxY (where x is any amino acid) is another example and was first

described from the Rous sarcoma virus (RSV) Gag protein. The VSV matrix

protein contains two motifs, PPPY and PSAP in the NHz terminus and mutation

of even one motif results in the inhibition of VLP release from cells (Harty et al.,

2001a, Harty et al., 2001b). The Ebola VP40 contains two overlapp¡ng motifs

near its NHz terminus, PTAPPEY (Harty et al., 2000, Jasenosky & Kawaoka,

2004, Jasenosky et al., 2001, Kolesnikova et a1.,2002) and equine infectious

anemia virus has the Yro<L motif (Schmitt & Lamb, 2004'). The Arenayirøs Lassa

virus was also recently shown to contain two late domain motifs within its Z

protein which is responsible for mediating VLP formation and budding (Eichler et

al., 2004b, Strecker et al., 2003). lnterestingly, with more work done in the atea,

it is becoming evident that some motifs are "stronge/ in mediating budding than

others; for example mutation of PPxY has a more severe effect (i.e. complete

inhibition of budding) versus mutation of Y>o<L which may result only in a

decrease in budding efficiency (Hartlieb & Weissenhorn, 2006, Martin-serrano et

aJ.,2004, Schmitt & Lamb, 2004, Schmitt et al., 2005).

It appears as though these late domain motifs function through the interaction

with cellular proteins to mediate budding of viruses. Two-hybrid systems have

identified cellular proteins that interact with identified L domains. For example,

Nedd4-related E3 ubiquitin ligase interacts with the PPxY motif via its conserved
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\AM/ domain. A role for ubiquitination in L domain function and subsequent

particle budding is suggested by this interaction. Tsg101 (an important part of

the vesicular protein-sorting pathway) binds the PTAP motif and the AP-z protein

complex (an important component of the clathrin-coated vesicle machinery) binds

the YnL motif (Martin-serano et al., 2004, Raiborg et al., 2003, Schmitt &

Lamb, 2004).. lt is interesting to consider that different cellular pathways are

activated via these host proteins and that specific late domain motiß interact with

specific host proteins. Future developments in identiffing the roles of cellular

contributions to virus maturation will be intriguing to study. ln addition, functions

of microdomains within cells at the plasma membranes (i.e. lipid rafrs) will also

contribute to a more complete understanding of virus assembly and budding

mechanisms.

1.11 Objectives and Hypothesis

Much of what is known about nairoviruses and CCHFV in particular is

seroepidemiological in nature with limited information about molecular details of

virus components, their contribution to pathogenesis and interactions with host

factors during infection. Only very recently was the complete sequence of the L

segment determined and much work into the molecular mechanisms of this virus

is required.

The primary objective of this work was to further our understanding of the

molecular aspects of CCHFV with particular focus on the S segment encoded

nucleoprotein. The project began with the aim of establishing some basic viral
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growth kinetics by examining infection profiles of CCHFV in different cell lines

and determining the kinetics of S segment vRNA and cRNA as well as NP

protein production in infected cælls.

The lack of a matrix protein in CCHFV raises the question of what, if anything, is

compensating for its absence in mediating viral assembly and/or budding during

infection. I hypothesÞe that the NP of CCHFV takes on the role of a matrix

protein and it plays an important role in virus maturation. An outline of the major

objectives for this project can be viewed below.

Preliminary Objectives

o Determine basic growth kinetics for CCHFV S segment

. Compare RNA and protein production in different celltypes

Cloning and Expression of CCHFV NP

o Baculovirus expression of NP

o Eukaryotic, mammalian expression of NP

o Determine localization of expressed protein

o CIone and co-express CCHFV GP and assess effect on NP expression

Investígate Hypothesrc ffiaú CCHFV NP Mediates Budding andlor Release

o lnvestigate release of NP from cells, alone and with GP

. Determine if particles are formed and released by NP

¡ Determine characteristics of the particles
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1.12 Relevance of Study

This is the first report of VLP formation by nairoviruses mediated by the

nucleoprotein with similar size and morphology as authentic virions seen during

infection. This provides information about specific functional aspects of one of

the CCHFV proteins. ln addition to the insight regarding virus maturation and

assembly, the synthesis of VLPs may also provide a novel approach to vaccine

development for this highly pathogenic virus - something that would be of great

value in endemic regions of the world.
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2.0 Materials and Methods

2.1 Cells

2.1.1 Eukaryotic Cell Lines

293T human embryonic kidney cells, a derivative of the HEK293 cell line that

contains the simian virus 40 large T antigen, were kindly provided by Dirk

Lindemann (Dresden Technical University, Germany). Cells were maintained in

Dulbecco's Modified Eagle Medium (DMEM) (sigma) supplemented with i0%

heat inactivated fetal bovine serum (FBS) (Gibco) (heat inactivated at 56"C for 1

hour),ZmM L-glutamine (Gibco), 100 U/ml penicillin and 100 ¡rg/ml streptomycin

(Gibco). For transfection purposes, prior to seeding of cells, tissue culture dishes

were coated with 1 mg/ml poly-D-lysine (Sigma) for 30 minutes at37"C to reduce

cell detachment. Lysine was removed and dishes were rinsed one time with

sterile water prior to cells being seeded.

The VeroE6 African green monkey (Cercopithecus aethrbps) kidney cells were

purchased from the American Type Culture Collection (ATCC CRL-1586)

(Manasass, vA, usA) and maintained in DMEM supplemented with 10% FBS,

2mM L-glutamine, 100U/ml penicillin and 100 pg/ml streptomycin.

The SW13 human adenocarcinoma cell line was a generous gift of Stuart Nichol

(Special Pathogens Branch, Centers for Disease Controland Prevention, Atlanta,

Georgia USA). These cells were propagated in DMEM supplemented with

lO%FBS, 2mM L-glutamine, l0Ou/ml penicillin and 100 ¡rg/ml streptomycin.
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The human hepatoma cell line HuHT was kindly provided by Carla Osiowy

(Public Health Agency of Canada, Winnipeg Manitoba Canada). These cells

were grown and maintained in high glucose DMEM supplemented with 10% FBS,

2mM L-glutamine, 100U/ml penicillin and 100p9/ml streptomycin .

All of the above mentioned cell lines were maintained at 37'C and 5% COz in a

humidified (95%) incubator.

The insect cell line SFg derived from Spodoptera frugiperda were obtained from

ATCC (CRL-1711). These cells are infected with a recombinant Baculovirus

vector containing a particular gene of interest. Cells were maintained in Grace's

lnsect Medium (Gibco) supplemented with 2mM L-glutamine and 10% FBS and

incubated al28"C.

2.1.2 Bacterial Gells

The XL-1 Blue strain ol Escherichia coli (E.coli) was purchased from Stratagene.

These cells are endonuclease (endA) deficient, which improves the quality of

DNA purified by eliminating non-specific digestion. ln addition, they are

recombination (recA) deficient which increases the stability of inserts.

Chemically competent BL-21 E.coliwere used for the production of recombinant

CCHFV proteins by pGEX-6P-1 plasmid for protein production. These bacterial

cells are OmpT and Lon protease - deficient which reduces degradation of

proteins during expression and purification procedures.

Chemical competency of these cells for transformation purposes was achieved

by the addition of 0.5m1 of an overnight culture to 50ml of fresh Lauria/Lenox

(0.5o/o NaCl) broth (LB). Cells were grown to an optical density (OD) reading of
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0.5 - 0.8 at 600nm at 37"C and shaking. At this point, cells were incubated on

ice for 20 minutes followed by centrifugation at 3,000 x g for 10 minutes at 4"C.

Culture supernatants were discarded and cell pellets were resuspended in

transformation storage solution (TSS) buffer which consists of a filter sterilized

solution of 85o/o LB, 10o/o polyethylene glycol (PEG) 8000, 5% dimethyl sulfoxide

(DMSO) and 50mM MgClz. 100¡rl aliquots were prepared and stored at -80"C

until needed.

E.coli Top 10 chemically competent cells were purchased from lnvitrogen and

used for transformations requiring higher levels of efficiency.

2.2 Viruses

Crimean - Congo haemorrhagic fever virus (CCHFV) strain lbAr 10200 was

kindly provided by the Special Pathogens Branch of the Centers for Disease

Control and Prevention (Atlanta, GA, USA). Hantaan virus (HTNV) strain 76 -
1 18 was a generous gift from The lnstitute of Virology in Marburg, Germany. All

experiments using live virus were performed in the BSL4 laboratory at the

National Microbiology Laboratory, Public Health Agency of Canada following

standard operating procedures.

2.2.1 CCHFV Kinetic Study

A time course kinetic study of CCHFV lbAR 10200 was performed in BSL4,

evaluating the ability of the virus to infect and replicate in different cell lines.

HuH7, SW13 and VeroE6 cells were seeded into 6 well plates and taken into

level 4. Media was removed and virus was placed on cells at a dilution of 1:100

of original virus stock. Cells were incubated at 37"C, 5o/o COz in a humidified
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incubator for one hour. Following incubation, virus inoculum was removed and

replaced with fresh DMEM, 2o/o FBS and incubated until harvests were

conducted at designated time points. At the time of harvest, supernatants were

collected and clarified by low speed centrifugation (3,000 x g) for 10 minutes,

transferred to fresh tubes and subsequently stored at -80'C until RNA extractions

and analysis were performed (described in detail below). 2 wells of cells were

harvested at each time point; 1 well was harvested on ice for protein analysis by

the addition of 4X SDS gel loading buffer (GLB) [240mM Tris-HCL pH 6.8, 20%

(w/v) B-mercaptoethanol, 8.0o/o (v/v) SDS, 40o/o (v/v) Glycerol, O.2o/o (w/v)

Bromophenol bluel, followed by boiling for 10 minutes, transfer to fresh tube and

storage at -20"C until brought out of level 4 for western blot analysis (see below

for details). The other well was harvested for RNA extraction and analysis by the

addition of Trizol LS (Life technologies). Samples were incubated at room

temperature for 15 minutes before transfer to a new tube and stored at -80"C

until RNA extractions were performed. This was done for each cell line and the

time points ranged from time = 0 to 96 hours post infection, with harvests every

hour for the first 24 hours. RNA analysis on cells involved examination of

production of both vRNA and cRNA by the use of specific primers.

2.3 Antibodies and Primerc

A complete list of antibodies used in these studies can be seen in Table 3. A

primer list can be seen in the appendix, based on publíshed sequences for

CCHFV strain lbAr 10200 (Genbank Accession # U88410 for NP, AF467768 Íor
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76 - 118 (Genbank Accession # M14626 for NP and

(Table 3)

1:1,000

oCCHF

NP(130-350)

A. Holmstrom

(Sweden)

1:1,000

1:1,000

1:100

1:1,000

1:100

1:1,000

M. Suresh

U.of Alberta

1:1,000
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Table 3. summary of antibodies used. IFA - immunofluorescent Assay

2.4 Standard Molecular Techniques

2.4.1 RNA Extraction

RNA extraction was performed on CCHFV-infected SW13 cells and supernatants

or HTNV-infected VeroE6 cells/supernatants and subseguently used in reverse -
transcriptase polymerase chain reactions (RT-pcR), either one-step or as

individual reactions. Cells were harvested from one well of a G-weil plate with

500¡rl Trizol LS (Life Technologies). Samples were brought out of BSL4

according to standard operating procedures (SOPs) and the remainder of

extractions were performed in BSL2. 175¡i chloroform was added to samples,

Secondary Antibodies

1:30,000

1:10,000

oRabbit Cy3
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they were gently mixed and incubated at room temperature (RT) for 15 minutes.

Samples were then centrifuged at 12,000 x g for 20 minutes at 4oG and the

aqueous phase was carefully removed and placed in a fresh 2ml cryovial. 500¡rl

of isopropanol was added, tubes were inverted to mix and incubated at RT for 15

minutes. This was followed by centrifugation at 12,000 x g for 20 minutes at 4oC

and the supernatant was discarded. The pellet was washed with 250¡il 7oo/o

ethanol (EtOH), spun at 7,500 x g for 5 minutes and air dried at RT for five

minutes. Pellets were then resuspended in RNase fiee water (Life

Technologies) and concentration was determined using a NanoDrop@ ND-1000

UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, Delaware

USA). RNA samples were stored at -80oC until further use.

2.4.2 Reverse Transcription (RT)

lndividual RT reactions were performed on RNA samptes generated in the

kinetics study. Briefly, 0.5p1 of designated RT primer at a concentration of 1gpM

was mixed in a tube with 3¡rl RNA, 3¡rl 10mM dNTPs and 5.5p1 sterile RNase.free

water. This mixture was incubated at 65'C for 5 minutes, followed immediately

by cooling on ice for 5 minutes. Samples were spun down and the following

reagents were added: 1¡rl RNase OUT RNase inhibitor, 4¡i l't strand buffer and

2pl 0.1mM DTT (all from lnvitrogen). Tubes were incubated at 42"C tor 2

minutes after which, 1pl of SuperScript ll RT was added and samples incubated

for a further 50 minutes at 42"C. At the end of the incubation period, samples
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were heat inactivated (Hl) at 70C for 10 minutes. All resultant cDNA samples

were stored at -20"G until used for subsequent PCR reactions.

2.4.3 Polymerase Chain Reaction (PCR)

PCR reactions for the kinetic study were performed using the polymerase

isolated Írom Thermus aquaticus, Taq pol (lnvitrogen). While Taq pol is not

recommended for use on its own in cloning procedures since it lacks 3'-5'

exonuclease proofreading abilities, it is commonly used for assessing the

presence and size of PCR - amplified products. PCR was performed on cDNA

generated in the RT reactions described above. A typical 50pl PCR reaction

consisted of the following can be seen in Table 4.

(Table 4)

10 X Buffer

50mM MgClz

10mM dNTPs

1OpM forward primer

1O¡rM reverse primer

Iag polymerase

cDNA template

Sterile distilled water

TOTAL VOLUME

5

1.5

2

1

1

1

2

36.5

50

Table 4. Outline of PCR mix components and volumes for a 50gl reaction.
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Following preparation of PCR samples in microtubes on ice, all reactions were

performed in a Biometra T1 Thermocycler (Montreal Biotech lnc., Montreal, PQ,

Canada). The cycling conditions used for the kinetics study can be seen below

in Table 5.

(Table 5)

95'C for 5 minutes (denaturations)

94'C for 30 seconds (denaturation)

50"C for 30 seconds (annealing)

72"C for 30 seconds (elongation)

1X

30-50x

72"C for 7 minutes (final elongation)

2.4.4

A k¡t

Table 5. Thermocycling parameters used in the CCHFV kinetÍc study.

RT.PCR

purchased from Qiagen was used to perform OneStep RT-PCR. The

reverse transcriptases OmniscriptrM and Sensiscriptru are both provided in

combination which enhances the efficiency and sensitivity of the reverse

transcription, resultingin 1-2¡tg RNA products. An initial 15 minute incubation at

95"C is required to 'kickstart" the HotStartTaqru DNA polymerase which is also
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present in the enzyme mix., and at the same time inactivate the reverse

transcriptases. A typical 50¡rl RT-PCR reaction (prepared on ice) can be seen in

Table 6.

(Table 6)

5 X Qiagen OneStep RT-PCR Buffer

10mM dNTP mix

1OpM fonrard primer

1O¡rM reverse primer

Qiagen OneStep RT-PCR Enzyme Mix

RNA

RNase-free water

TOTAL VOUME

Table 6. Typical Qiagen OneStep RT-PCR mixture.

10

2

3

3

2

2

28

50
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Table 7. RT-PCR cycling parameters.

2.4.5 Product Analysis

All amplified PCR products were analyzed for correct size by agarose gel

electrophoresis containing 0.5 pg/ml ethidium bromide for visualization. Gels

were run in I X Tris/Acetate/EDTA (TAE) buffer at 100 volts for 30-45 minutes

and DNA was visualized using a MacroVue W-25 Hoefertransilluminator.

2.5 Cloning

Sequence specific primers were used to generate relevant amplicons from DNA

templates for PCR or from RNA templates for RT-PCR and analyzed by agarose

gel electrophoresis as described above. Amplicons were PCR purified (QlAquick

PCR purification kit, Qiagen) or gel purified using the QlAquick gel extraction kit

(Qiagen) according to the manufacturer's directions and then digested in parallel

50'C for 30 minutes (RT

94'C for 5 minutes

94'C for 30 seconds (denaturation

Temo Â based on

72"C 4Sseconds - 4 minutes (based on

72"C for 7 minutes(final

4"C final hold
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with appropriate vectors using restriction enzymes [New England Biolabs (NEB)].

Digested material was then purified (QlAquick PCR purification kit) and ligations

were carried out using 1Ul¡il oÍT4 DNA ligase (NEB), 1.5¡rl 10 XT4 DNA ligase

buffer (NEB), 1pl digested, purified vector and 3 - 10 pl of purified digested insert

in a final volume of 15 ¡rl. Negative controls consisting of vector without insert

were included to assess the re-ligation of cut vector. Ligation mixtures were

incubated overnight at 16"C. Competent cells (E. coliXL-1 Blue or Top 10) were

transformed by thawing on ieæ followed by the addition of the entire ligation

reaction and incubation on ice for 10 mínutes. The cells were then heat shocked

lor 45 seconds at 42oC, placed on ice tor 2-3 minutes and 200 pl SOC medium

was added l2o/o(wlv) Tryptone, 0.5o/o (w/v) Yeast extract, 10mM NaCl, 10mM

MgSOa, 10mM MgCl2l. The tubes were then incubated at 37oC for one hour to

allow the development of antibiotic resist¡ance. Following incubation, reactions

were plated on LB agar plates with appropriate antibiotics and placed at 37'C

overnight. Colonies were picked and screened by miniprep analysis (QlAprep

Spin Miniprep Kit, Qiagen) and restriction enzyme digestion and/or PCR screen

as described below. All positive clones were fully sequenced through the region

of insert using the dideory method of sequencing of Sanger ef a/ {Sanger, 1 977I.

Analysis was done using an ABI 3100 Genetic Analyzer.

2.5.1 PGR Screen

PCR screens were utilized for analysis of large numbers of clones following

transformation. PCR master mixes are prepared based on 30¡rl reaction/colony

and consist of the following:
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(Table 8)

Reagent Volume (¡tl)

10X PCR Buffer "

10 mM dNTPs

10 ¡rM fonvard Primer

l0 pM reverse Primer

Iag polymerase (1 .25Ulreaction)

Sterile water

3

2.5

0.3

0.3

0.2

23.7

TOTAL 30

Table 8. Components of Master Mix for PCR Screen of bacterial colonies
for inserts.

LB agar plates containing the appropriate antibiotic are prepared for the screen

by drawing a grid on the bottom of the plate and numbering the squares. A new

eppendorf tip is used to touch each colony, then one of the nurnbered squares on

the grid plate and then tapped into the corresponding numbered PCR tube

containing the 30pl of master mix. Following completion of all colony sampling,

the LB plate is incubated ovemight at 37"C, tips are removed carefully from PCR

tubes and all tubes undergo PCR cycling in a Biometra T1 thermocycler. When

the PCR seguence is complete, samples are analyzed for the band of interest

using agarose gel electrophoresis. Positive clones detected from the PCR
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screen are followed up by miniprep and confirmation by restriction enzyme

digestion.

2.5.2 Plasmid Propagation

Small scale generation of plasmids involved selection of single bacterial colonies

and inoculation into 3-5 ml LB containing the appropriate antibiotic as determined

by the resistance gene carried on the plasmid to be grown up. These LB

inoculated samples were grown overnight at 37'C with constant shaking of

250rpm. Plasmid was then isolated from the cultures following a miniprep

protocol as designated by the manufacturer (QlAspin miniprep kit). For large

scale propagation of plasmids, 1 ml of the initial overnight starter culture was

used to start growth in 500 ml of fresh LB plus antibiotic. Once again, cultures

were grown overnight at 37'C and shaking at 250rpm. Plasmids were

subsequently isolated from culture broth using the QlAfilter maxiprep kit as

described in the manual. Plasmid DNA was precipitated with isopropanol, pellets

were washed with 70o/o EIOH and subsequently resuspended in sterile distilled

water and stored at -20'C until required.

2.5.3 Nucleic Acid Quantification

Concentrations of all DNA and RNA generated were determined using the

Nanodrop spectrophotometer mentioned above. ln addition, purity of samples

was determined based on absorption spectra and Azøotzaovalues obtained.

53



Materials and Methods

2.5.4 pGAGGS constructs

The pCAGGS mammalian vector was used as a backbone for cloning of

individual genes {Niwa, 1991}. This vector contains the gene for ampicillin

resistance and genes cloned into the multiple cloning site are under the control of

the chicken B actin promoter, as seen in Figure 7.

The CCHFV NP was amplified by RT-PCR to add RE sites for ease of cloning

and C-terminal or N-terminal HA tags for ease of detection. Amplicons were

subsequently cloned into the vector using the RE sites of EcoRl and Xhol to

yield pCAGGS/CCHFV NP. pCAGGS/HTNV NP was created using the same RE

sites. pCAGGS/CCHFV GP contained the GP gene with flanking Kpnl and Xhol

sites. The pCAGGS/h/IARV GP plasmid contains the gene Íor Mahurgvirus GP

with EcoRitXhol RE sites. pCAGGS/HTNV GP uses Bglll RE sites and was

kindly provided by Jiro Arikawa (Hokkaido University, Sapporo Japan).

pCAGGS/ZEBOV VP40 and pCAGGS/ZEBOV GP contain the respective genes

for VP40 and GP with EcoRl and XholRE sites. The VP40 construct was kindly

provided by Thomas Hoenen (University of Marburg, Germany).
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(Figure 7)

Figure 7. Diagrammatic representation of the eukaryotic expression vector pCAGGS containing the chicken B actin promoter to
drive high levels of expression (Niwa, 1991).
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2.5.5 CCHFV GP subcloning

pcDNA3.1/GP was a kind gift of S. Nichol (Special Pathogens Branch, Centers

for Disease Control and Prevention, Atlanta, GA, USA) and consisted of a vector

backbone from lnvitrogen - pcDNA3.lTopo unidirectional vector and the ORF of

CCHFV lbAr 10200 M segment cloned in. Achieving efficient expression of the

GP from this vector was difficult and the goal was to subclone it into the same

background as other CCHFV gene products that were in use. No Kpnl or Xhol

sites were detected within the ORF but present in the pcDNA3.1 vector on either

side of the GP. These sites were used to digest sequentially the vector and in

parallel, digest the pCAGGS vector. Digested material was then subjected to

agarose gel electrophoresis, and the band corresponding to the ORF (5055bp)

was excised and gel purified as described above. Ligations with cut pCAGGS,

transformations into Topl0 competent cells and screening revealed two potential

positive clones and after complete sequencing, including across the insert site,

one clone resulted in a pCAGGS/CCHFV GP.

2.6 Transfections

Tranfections of 293T cells using the Mirus Translt-LT1 system were very

efficient. 2pl of transfection reagent per pg DNA to be transfected was added to

100 ¡tl OptiMEM (lnvitrogen), mixed by vortexing and incubated at RT Íor 15

minutes. DNA was then added to the mixture, tubes were gently mixed and

incubated for a further 30 minutes at RT. Cells were gently rinsed one time with

OptiMEM and fresh OptiMEM was then added to the cells. The transfection
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mixture was added dropwise to the cells followed by incubation at 37"C,5o/o COz

for various lengths of time, as optimized for each construct.

2.6.1 Transfections of CCHFV NP -/+ GP

Optimal conditions for transfections were determined with varying concentrations

of DNA for all experiments. 293T cells were plated 24 hours prior to transfection

in 6 well dishes such that they were -7Oo/o confluent at the time of transfection.

Transfection efücÍency was determined by using a pCAGGS construc't

expressing the green fluorescent protein (GFP). Expression of GFP was

assessed by UV illumination on a Zeiss Axiovert 100 fluorescent microscope. To

determine the best transfection conditions for the NP alone and with GP, varying

amounts of DNA were transfected and cells were harvested at different time

points. Western blot analysis was performed to determine the highest levels of

expression. 4pg o! CCHFV NP DNA per well of 6 well plate was shown to give

the best levels of expression.

2.6.2 Transfections of HTNV NP -/+ GP

Following similar optimization determinations as described above, 2¡lg of HTNV

NP and Z¡tg ol HTNV GP provided highest levels of expression.
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2.6.3 Transfections of ZEBOV VP40 + GP

For transfections of the Ebolavirus Zaire (ZEBOV) VP40 and GP genes, a

different protocol was used, as determined and optimized by colleagues in the

Special Pathogens Programme at the National Microbiology Laboratory,

\Mnnipeg. The transfection reagent FUGENEG (Roche) was used. 100p1 of

OptiMEM was added to a sterile 1.5m1 tube and 3pl/pg DNA of FuGENE6 was

added to this in a careful, dropwise manner directly into the medium. The

contents of the tube were mixed and allowed to incubate at RT for 5 minutes. 1

Ug of each plasmid DNA was then added. This transfection mixture was

incubated for 30 minutes at RT. Cells were washed once with OptiMEM followed

by the addition of fresh OptiMEM to each well. Transfection complexes were

then added dropwise to the cells and samples were then incubated at 37"C for 3

hours. Following incubation, the transfection medium was removed and replaced

with fresh DMEM containing 10% FBS. Cells were then incubated for a further

24 hours at37"C before harvest for analysis.

2.6.4 Transfections of CCHFV NP and heterologous glycoprotein gene

Transfections of the heterologous GP gene HTNV GP along with the CCHFV NP

gene were performed as described above using the Mirus Translt-LT1

transfection reagent. Per well of a 6-well plate, 4¡lg of CCHFV NP + 4¡rg of

heterologous GP containing plasmids were used and transfections were

incubated for  Shours prior to harvest.
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2.7 lnfection of SWl3 Cells with GCHFV

CCHFV strain lbAr 10200 virus stocks at a passage number of with an estimated

titer of 105 pfu/ml were diluted 1:5 in DMEM to produce an MOI = 0.01. SW13

cells were seeded in T150 flasks to result in 100% confluency at the time of

infection. Cells were rinsed one time with DMEM prior to addition of virus. 5ml

of diluted virus was then added to cells and incubated for 3 hours at 37'C with

gentle rocking every 10 minutes. Following incubation, virus inoculum was

removed and 50ml of DMEM with 2o/o FBS (v/v) was added to the cells and a

further incubation of I - 14 days followed. At the time of harvest, supernatants

were collected and underwent low speed centrifugation for 10 minutes to clear

cellular debris.

For electron microscopy and confocal microscopy analysis of infected cells,

infection of confluent SW13 cells plated on Thermonox coverslip slides in 24-well

plates was performed using the same protocol but with reduced volumes. Virus

inoculum volume was 100¡rl and media replacement following infection was 1ml.

At the time of harvest, supernatants were removed and cells were washed once

with PBS and fixed with 4o/o paraformaldehyde, 2o/o glutaraldehyde and stored at

4'C for a minimum of overnight prior to moving coverslips to a new plate with

fresh fixative and removalfrom BSL-4.

2.8 lnfection of VeroE6 Gells with HTNV

T150 flasks of confluent Vero E6 cells were used for HTNV 76 - 118 infections.

Similar infection procedures were used as described above.
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2.9 Expression of Recombinant Proteins and Purification of VLPs

293T cells were seeded into 6-well plates that were coated with poly-D-lysine 24

hours prior to transfection. Plasmid DNA was transfected using Translt-LT1

(Mirus) and incubated for 48 hours as described above.

Supernatants were removed and clarified by low speed centrifugation (200 x g)

for 10 minutes at 4'C to remove any cellular debris. Clarified supernatants were

gently layered above a20o/o sucrose cushion and spun at 28,000 X g for 2 hours

at 4'C in a Beckman ultracentrifuge using an SW41 rotor. Supernatants were

discarded and pellets were resuspended and washed in TNE and spun Íor a

further 30 minutes with the same conditions. The resultant pellet was

resuspended in TNE and either mixed with 4XSDS GLB for western blot analysis

or fixed with 0.2% glutaraldehyde and stored at 4"C for electron microscopy.

2.10 Protein Analysis

2.10.1Harvesting of Cell Lysates

lnfected or transfected cells were harvested on ice with the application ol 4 X

SDS GLB. Material was collected with a cell scraper and placed in eppendorf

tubes. Cell lysates were boiled at 100"C for 10 minutes and stored at -20'C until

analysis.

2.10.2 Harvesting of Cellular Supernatants

lnfected or transfected cell supernatiants were collected and spun at 200 x g for

10 minutes at 4'C to remove any cellular debris. These clarified supernatants
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were either mixed 1:1 with SDS GLB or layered on sucrose cushions and

ultracentrifuged for purification of membrane bound particles. Samples mixed

with SDS GLB were boiled for 10 minutes at 100"C and then stored at -20"C for

analysis.

2.10.3 SDS-Polyacrylamide Gel Electrophoresis and Semi-Dry Transfer

The Protean lll Gel system from BioRad was used for all preparation and

execution of SDS polyacrylamide gels. Resolving and stacking gels were

prepared as described in Table 9.

(Table 9)

Table 9. Gomponents of SDS PAGE resolving and stacking gels.
* 37.5:l (w/w) ratio of acrylamide to N,N'-methylene bis-acrylamide APS =
ammonium persulfate.
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All components were mixed and poured into glass plates. The resolving gels

were gently overlaid with water to ensure a flat surface. Once the resolving gel

was set, the water was poured off and the stacking gel was layered on top and

combs inserted. Once fully set, gets were submerged in Protean lll Gel running

tanks containing 1X SDS-PAGE running buffer diluted from a 10 X stock (250mM

Tris-HCl, 1.9M Glycine, 1.0% (w/v) sodium dodecyl sulphate (SDS) in sterile

distilled water). Proteins were loaded into lanes and gels were run at 100V until

appropriate resolution of desired size range was achieved, as determined by

banding pattems of the SeeBlue protein ladder (lnvitrogen).

Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes

that were prepared by soaking in methanol for 5 minutes. A Trans-blot Semi-dry

transfer apparatus was used for the transfer and the first step involved setting the

surface of the apparatus with water. Filter pads were soaked in anode buffer

(50mM Boric Acid, 20o/o methanol) and placed on the apparatus. The pre-soaked

PVDF membrane was laid on top of this pad. The stacking gel segment was

removed from the gel and the resolving gel portion was soaked briefly in anode

buffer prior to placing on top of the membrane. Another filter pad was soaked in

cathode buffer (50mM Boric Acid, 5% methanol) and then laid on top of the gel.

Air bubbles were rolled out carefully as each layer was added by use of a pipette

and rolling it over the surface of the layer. The top of the apparatus was placed

on top of the stack and transfer of the proteins was run at 60 mA per gel for g0

minutes.
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2.10.4lmmunoblot

Following transfer, the PVDF membranes were blocked overnight in 5olo skim

mtlV0.1o/o Tween 20 at 4'C to reduce non-specific binding to the membrane.

Blots were washed three times with PBS/O.1o/o Tween prior to incubation with

primary antibody - fo¡ 3 hours at RT with rocking, or alternatively, overnight at

4"C with rocking. Blots were then washed three times again with PBSÆween

and incubated for one hour rocking at RT with the appropriate secondary

antibody. This was followed by a final series of three washes and then

developed using the ECL Plus Western Blotting Detection System according to

the manufacturer's directions (Amersham Biosciences). Hyperfilm EcL

(Amersham Biosciences) was placed on blots for 10 seconds - t hour,

depending on the strength of the signal prior to development using a Feline 14X-

ray film processor (Fisher lndustries lnc.).

2.11 lmmunofluorescent Assays

Transfected or infected cells on coverslips were harvested for immunofluorescent

assays (lFA) beginning with fixation of cells with 2o/o paralormaldehyde for 30

minutes at RT. The cells were then washed three times with PBS followed by

permeabilization with 0.1% Triton X-100 in PBS for staining of intracellular

proteins. This step was canied out for an addítional 30 minutes at RT and

followed by a series of three washes with PBS. lncubation of cells with primary

antibody was performed at 37"C for one hour or alternatively, at 4"C overnight.

This was followed by three PBS washes and subsequent incubation with the
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secondary antibody for one hour at 37"C. Three more PBS washes were carried

out, followed by a final fixation of the antibodies with2o/o paraformaldehyde for 10

minutes and a last set of three washes. Goverslips were mounted on microscope

slides using Gelmount (Cedarlane) and viewed by UV illumination. A Zeiss

model Axiovert 100 fluorescent microscope was used to view fluorescent cells

and soflr¡vare was applied for taking pictures.

2.12 GonfocalMicroscopy

lnfected SW13 cells were processed in a similar fashion as described above.

Transfec'ted 293T cells were prepared in poly-D-lysine coated I chamber slides

with borosilicate glass bottoms (NUNC) and similarly processed as well. For

double staining, following fixation and permeabilization, cells were incubated for

one hour at37'C with a peptide antibody, anti CGHFV NP (1:100 dilution in PBS,

GenScript) and anti-Giantin (1:1,000 dilution, Covance) or anti-Calreticulin (1:200

dilution, Abcam lnc) or a combination of anti-HA (1:50 dilution, Sigma) and anti -
Actin (1: 200 dilution, Abcam lnc). Cells were then washed three times in PBS

and incubated with the secondary antibody for one hour at 37'C, with goat anti-

rabbit FlTc (l:80 dilution, Sigma) and anti-chicken cyanin 3 (cy3) (1:100

dilution, Abcam lnc) or goat anti-rabb¡t cY3 (1:100 dilution, ) and anti-mouse

FITC (1:40 dilution, Sigma). Coverslips were mounted as described above, and

the I chamber slides were filled with PBS following the last fixation and wash

steps. An Olympus lX70 confocal microscope and Fluoview 2.1 softutare were

used for acquisition of images.
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2.13 Negative Stain and lmmunelectron Microscopy of VLPs

VLPs were purified as described above and prepared for negative stain and

immunoelectron microscopy (EM). Briefly, purified VLPs were fixed in 0.2o/o

glutaraldehyde in PBS, pH 7.2 and stored at 4'C. VLPs were centrifuged onto

Formvar-coated, carbon-stabilized 400 mesh copper or nickel EM grids using a

Beckman Airfuge EM-90 rotor (Beckman, Palo Alto CA, USA) at 26psi for 30

minutes. Samples were negatively stained with 1.2mM phophotungstic acid

(PTA), pH 7.0 and viewed with a Phillips model 201 electron microscope.

lmages were collected at varying machine magnifications on Kodak Direct

Positive film 5302 (Kodak, Rochester NY, USA) and printed on Kodak

Polycontrast lll paper.

2.14 Embedding and Thin Sectioning of Gells for lntracellular EM Analysis

All reagents and supplies were provided by Electron Microscope Sciences unless

otherwise indicated. Tissue culture supernatant was removed from monolayers

and cells were fixed with 4o/o paraformaldehyde, 2o/o glutaraldehyde in 100mM

Sodium Cacodylate, 10mM CaClz, pH7.2 (SC-Ca buffer) at 4"C. Following this

primary fixation, cells were washed three times for five minutes each with SC-Ca

buffer and fixed for 5 minutes at 4C with freshly pepared reduced Osmium

Tetroxide (1% Osmium Tetroxide, O.8o/o Potassium Ferrocyanide) in SC-Ca

buffer. Gells were then washed twice with distilled water and post-frxed in 2o/o

Uranyl Acetate for 10 minutes at room temperature. Monolayers were then
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dehydrated in a graded series of acetone followed by infiltration with Spurr

embedding medium with ERL 4221 (vinylcyclohexene dioxide), medium

hardness composition prepared according to manufacture/s direc-tions.

Following infiltration, monolayers were embedded by inversion of the monolayer

onto a filled Beem embedding capsule and polymerized for 36 hours at 68"C.

Sections were cut on an LKB Ultratome lllrM with a MicrostarrM diamond knife and

collected on 300 copper hexagonal mesh grids. Grids were then stained with

Uranyl acetate and post stained with lead citrate prior to viewing as described

above. lmages were collected and processed as described above.
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2.15 Proteinase K Assay

Purified VLPs and authentic virions were tested for sensitivity to degradation by

proteinase K revealing the nature of the outermost structure of the partictes.

Purified particles were mixed with PBS (negative control), PBS + Proteinase K

(test samples) or Proteinase K + Triton-X 100 (positive control) as seen in Table

10.

(Table 10)

Negative Control Test Sample Positive Control

40 VLP volume (U¡)

PBS volume (pl)

150¡rg/¡rl Prot K

0.1o/o TritX-í00

TOTAL VOLUME

Table 10. Components of Proteinase K Assay

Samples were incubated at 37"C for I hour followed by heated at gg"C for 5

minutes to inactivate the enzyme. 20¡tl pt preheated 4 X SDS GLB was then

added to each sample and then boiled for 15 minutes at gg'C. Samples were

stored at -20"C until analyzed by western blot.

4.8

7.2

40

7.2

4.8

52

40

12

52
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2.16 Optiprep Gradient Centrifugation

To evaluate the flotation profile of VLPs, CCHFV NP or NP/GP -produced VLPs

were sucrose cushion purified as described above. Briefly, pellets were

resuspended in 824¡tl TNE and adjusted with 976p1 600/o OptiPrep (Sigma) to a

final concentration of 35o/o (wlv). This was placed in the bottom of an

ultracentrifuge tube for the SW41 rotor (Beckman) and overlaid with 7 ml 30o/o

OptiPrep in TNE and subsequently 1ml TNE on the top. Samples were then

centrifuged tor 4 hours at 4"C and 165,000 X g. lml fractions were collected

from the top of the gradient and protein was precipitated with 50olo trichloroacetic

acid (ïCA), followed by wash with ice cold acetone. Pellets were resuspended in

2 X SDS GLB, boiled for l0 minutes and stored at -20"C until analyzed by

western blot analysis.

2.17 AntibodyProduction

Shortly after work with CCHFV began, it became apparent that the supply of

antibodies was running low. Although HA tags were placed on some constructs,

CCHFV-specific antibodies were needed and three different approaches were

used.

2.17.1pGEX-6P-l Approach with N-terminal GST Tag

The CCHFV NP ORF which is 1649 base pairs in length, 482 amino acids, was

separated into it's 5'(N-terminus) and 3'(C-terminus) by PCR amplification using

sequence specífic primers. Amplicons were cloned into the pGEX-6P-1
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expression vector (Amersham Biosciences) using BamHl and Xhol RE sites

within the multiple cloning site (MCS) in frame with the upstream glutathione.S-

transferase (GST) gene (Figure 8).

Expression of GST fusion proteins was tested. BL-zl bacterial overnight cultures

containing the fusion protein plasmid were diluted l:100 into 1Oml fresh LB with

l0Opg/ml ampicillin and grown at 30'C at 250 rpm until an ODooo of 0.6 was

reached. lsopropyl p-D-1-thiogalactopyranoside (IPTG) was then added to

cultures to a final concentration of 1mM for the induction of protein expression.

Cultures were grown for a further 5 hours at 30"C with shaking and 1ml aliquots

were collected at hourly intervals, centrifuged at 7700 x g for 10 minutes and

pellets were frozen at -20'C until run on 1Ùo/o SDS-PAGE and examined by

0.25% (w/v) Coomassie brilliant blue R-250 stain (Sigma) and destain once a

suitably clear background was achieved. Separation to insoluble and soluble

fractions of induced cultures were to follow should adequate expression be

detected.
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Leu Gly Ser Pro
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!o

(Figure 8)
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Figure 8. Cloning of 3' (C-terminus) Half of CCHFV NP into pGEX.6P-l to Generate Antigen for Antibody
Production. The 700 cterminal bp of the CCHFV NP ORF were amplified and digested along with the pGEX-6P-1 expression
vector with BamHI and Xholprior to ligations. Ligation mixtures were transformed into BL-21 bac{erial cells for propagation, followed
by picking of colonies for growth and sequence verification of insert containing an N-terminal GST tag on the NP.
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2.17.2 Baculovirus System Approach to Generate Recombinant Antigen

Figure I illustrates the main principles behind recombinant protein expression in

a baculovirus system. The lnvitrogen Bac-to-Ba@ system was selected

because of its success in producing rapid, high levels of recombinant protein

expression. The main princíple behind this method (as outlined in Figure 9) is

based on site-specific transposition events in E coli rather than homologous

recombination of methods in the past. The first stage involved cloning of the

CCHFV NP ORF with 5' and 3' EcoRlsites into the donor plasmid, pFasBac-1.

This vector contains the baculovirus-specific polyhedron promoter (p10) from

Autographica californica multiple nuclear polyhedrosis virus (AcMNPV) to

generate high levels of expression in insect cell lines. Following sequence

verification of positive clones, the pFasBac/CCHFV NP was used to transform

DH1OBacru, a strain of E.coli which contains a baculovirus shuttle plasmid

(bacmid) and a helper plasmid to provide the transposase for movement of the

NP from the pFasBac into the bacmid. This high molecular weight recombinant

bacmid containing the CCHFV NP was purified and used to transfect the insect

cell line SF9 using the Cellfectin@ transfection reagent that is provided with the

system and described to be superior for transfection of insect cells. These cells

were maintained at 28"C and following transfection, cells generate recombinant

baculoviruses that contain the CCHFV NP. Cells were examined daily lor 72

hours until the first signs of infection were apparent, at which time the

supernatants were collected and clarified by low speed centrifugation at 500 x g

for 5 minutes to remove any cellular material. Aliquots of the clarified material
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were stored at 4"C as passage 1 (P1) protected from light and the remainder was

layered onto a fresh preparation of SF9 cells for amplification and propagation of

the recombinant virus. This was repeated, with harvest of a P2 sample and

placement of P2 clarified supernatant on fresh SF9 cells for a further 72 hours.

Cells were harvested with SDS gel loading buffer and run on 10 % SDS PAGE

and analyzed by immunoblot analysis using anti-CCHFV NP at 1:1,000 and anti-

rabbit HRP at 1:30,000 for recombinant NP expression levels.
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Figure 9. lllustration of the synthesis of recombinant baculovirus. Step 1 involves the cloning
of your gene of interest into a pFastBac donor plasmid under the control of the AcMNPV baculovirus-
specific promoterand flanked bytransposon elements. This construct is used to transform DH10 Bac E.
coli cells which contain a Bacmid (also containing transposon elements) and a helper plasmid to provide the
transposase(2). Tnansposition takes place, generating a recombinant bacmid containing your gene of
interest (3). Following purification of the recombinant bacmid, it is transfected to insect cells, generating
recombinant baculovirus (4) which can now be amplified and used to infect fresh cells and express your
protein of interest. Reproduced from lnvitrogen Bacto-Bac protocol manual, www.invitrogen.com
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2.17 .3 Peptide Synthesis

ln parallel with the above two mentioned procedures for generating antigen for

antibody production, synthesis of peptide antibodies directed against the CCHFV

NP, putative NSs, and GP proteins was performed. The GenScript Corporation

in Piscataway NJ has significant experience in the prediction and synthesis of

peptide antibodies. After a series of discussions and deliberations, motifs for the

CCHFV NP, NSs and two for the GP were selected for development by

examining the hydrophobicity/hydrophilicity profiles and potential for surface

exposure.

The region selected for CCHFV NP were targeted against the amino acids 127 -
190 of the 482 amino acid protein and consisted of residues

{RNLILNRGGDENPRC}. The peptide was conjugated to Keyhole Limpet

Haemocyanin (KLH) to promote immunogenicity. A 10 week immunization

regime of rabbits was performed to obtain antibodies.

For the putative NSs protein of CCHFV, amino acids 48 - 61 of the 150 amino

acid protein were targeted and consisted of residues {AIPERPDLLMSPHGC}.

Ïwo antigenic regions of the full length precursor CCHFV Gp were identified, one

in the Gn region and the other in the Gc region. The Gn peptide was targeting

amino acids 130 - 143, residues {PNSPSTPSTPODTH} and Gc at amino acids

1161 - 1174, residues {PKATCTGDCPERCG}. All antibodies were raised in

rabbíts.
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3.0 Results

3.1 Kinetic Analysis of GGHFV lnfection

Kinetics of GCHFV lbAr 10200 ínfection in three different cell lines were

evaluated as a method of identiffing fundamental information regarding the

efficiency of the virus in producing S segment vRNA, cRNA and protein over

time. Vero E6, HuHT and SW13 cells were infected with CCHFV and both cells

and supematants were collected over time. Figure 10 displays the production of

RNA following infection, SW13 cells showed the earliest appearance of both

vRNA at 4 hours and cRNA at 8 hours as compared with either Vero E6 (B hours

for both) or HuHT cells (12 hours for both).
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Figure 10. S Segment vRNA and cRNA product¡on ¡n Vero E6, HuHT and SWl3 cells over time.
Following extrect¡on of RNA from cells, RT reactions were set up with primers to specifically produce cDNA
specif¡c for vRNA or GRNA. This cDNA was then used ¡n PGR reactions and amplicons weri then run on Zo/o
agarose gels with ethidium bromide for viewing.
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Expression of CCHFV NP was observed as early as 12 hours post - infection in

each cell line as seen in Figure 11. The expression steadily increased over time

with the highest levels seen in SW13 infected cetts.
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Supernatants of infected cells were also collected at each tinre point and

examined for the release of virus from cells by vRNA assessment. As seen in

Figure 12 (A), SW13 cells demonstrate the appearance of S segrnent vRNA ín

the supernatants of infected cells at 2O hours following infection and NP is

detectable between 36 and 48 hours post-infection (Figure 1ZB).

Despite numerous attempts at re-extraction of RNA and/or repeating the RT,

PCR steps, neither the HuHT nor the Vero E6 cells demonstrated reliably strong

or efficient vRNA in the supernatants. For this reason, the SW13 cell line was

used for any propagation and evaluation studies performed in this body of work.
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Figure 12. Analysis of Supernatants from CCHFV lnfected SW13 cells. S segment vRNA production in SW13 ce¡s with
amplicons viewed on 2o/o agarose gel (A). First appeamnce of vRNA in the supernatants of infected cells occurs at 20 hours post-
infection and increases thereafter. CCHFV NP is first detectabte at 36-48 hours post-infection as seen in B, detection via 10% SDS
PAGE and immunoblot analysis using anti - CCHFV NP at 1:1,000, goat anti-rabbit HRp at 1:30,000.
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3.2 Antigen Production for Generation of GCHFV-Specific Antibodies

Following the initial studies to determine basic kinetics of CCHFV infection, it

became apparent that there was a need for CGHFV-specific antibody generation.

Three different approaches were considered, as seen below.

3.2.1 Baculovirus Expression System

The Baculovirus expression of foreign proteins in insect cells is often associated

with high level of expression. Attempts were made to express the CCHFV NP in

this system. After successful cloning of the NP into the pFastBac vector,

transformation of the construct into DH10 Bac cells was carried out to incorporate

the NP into the Bacmid for subsequent infection of SFg insect cells. Figure 13

demonstrates the detection of CCHFV NP in ínfected cells as compared with

empty bacmid infected control cells. However, levels of expression remained low

despite alterations in condítions. With the success of the peptide antibody

synthesis, the Baculovirus system was not pursued further at this time.
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Figure 13. lmmunoblot analysis of Baculov¡rus driven ccHFV Np
expression. The presence of the NP can be detected in the SFg cells infected
with the baculo-contiaining NP, although at low levels (anows). G) = uninfected
cells, C = cells infected with control bacmid, (+) = cells infected with CCHFV Np-
containing bacmid.

(+)

ìir'i'ijrfiiiLl.r;:'¿'

.úFlh*3f
-,.,..-.';'*+¡'

¡$â*sI1f4Ê{'
,{r$ç+eê+Èl"

I i ....1



Resu/fs

3.2.2 GST-Fusion Protein Expression

The Amersham pGEX-6P-1 expression vector with an N-terminal GST tag was

used for recombinant CCHFV NP expression. Figure 14 demonstrates the

Coomassie blue staining of 10o/o SDS gel of the recombinant NP expression

induced with IPTG. The GST-fusion protein is -50kDa and can be detected in

induced samples at 1 - 5 hours post induction with the clearest indication of

expression at 2 hours after induction. This construct was stored at -80"C for

future use, and the antibody generated in the following section was produced in

parallel and used for subsequent experiments.
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Figure 14. Expression of CGHFV NP in pGEX to generate antigen for antibody production. Fo¡owing sequence
verification of pGEXCCHFNP2C, bacterial cultures were grown to oD*o = 0.6 and ¡nouðeo with 1mM lprG. 1 ml samples
were collected just prior to induction (T=0) and each hour for 5 hours þóst-induction. Cells were pelleted at 3,000 x g for 5
minutes and resuspended in SDS gel loading buffer, boiled and run on 10% SDS PAGE. Gels were süained in coomassie blue
for 30 minutes before destaining and drying. L = ladder. Red box indicates the GST-NP fusion expression at -50 kDa. ON =
ovemight.
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3.2.3 Synthesis of Peptide Antibodies for CCHFV

Some CÇHFV-specific antibodies utilized in early kinetic experiments were kindly

supplied by Anna Holmstroem in Sweden. The HA tagged constructs were

useful and altowed for detection with the anti-HA antibodies, yet it was evident

that CCHFV specific antibodies were required. ln conjunction with the GenScript

Corporation in Piscataway, NJ, USA, prediction of highly antigenic regions in the

CCHFV NP, GP and NSs proteins were canied out and production of peptide

antibodies in rabbits was achieved.

The CCHFV NP peptide antibody was synthesized against the NP and included

Figure 15 illustrates the efficient detection of NP in both transfected and infected

cells. This antibody proved very useful for all of the VLP studies described above

as well as immunofluorescent and confocal microscopy studies. .lnitial titration of

the antibody was carried out to determine optimal working dilutions for detection.
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Figure 15. The successful detection of CCHFV NP in both transfected and infected cells using the anti-CCHFV
NP peptide antibody produced in rabbits. A represents 293T cells transfected with CCHFV NP and B illustrates Mock
infection (1) and CCHFV infection (2,3) of Vero E6 cells. Antibody was used at 1 :1 ,000 dilution followed by goat-anti-rabbit HRP at
1:30,000.
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Two putative antigenic regions of the CCHFV GP were selected for antibody

production, one in the N terminal portion of the protein and the other in the C-

terminal portion. Each peptide was l3 amino acids in length and despite several

attempts, neither antibody was successful in detecting CCHFV GP in infected

cells (data not shown).

A peptide antigen for the putative NSs protein was synthesized using residues 48

- 61 (once again wíth an extra C for conjugation) (AIPERPDLLMSPHGC)- As

seen in Figure 37, the antibody was successful in detecting the cloned NSs

product, however was unable to identiff a band from infected cells.

3.3 Gloning into pCAGGS

3.3.1 Gloning of CCHFV NP into pCAGGS

The mammalian expression plasmid pCAGGS has been used for driving high

levels of expression of recombinant proteins under the control of the chicken B-

actin promoter. To evaluate the expression and localization of the CCHFV NP, a

transient tansfection system was employed and involved the cloning of the NP

gene from a PCR amplicon containing either NH2- or COOH- terminal

haemagglutinin (HA) epitope tags for ease of detection while synthesizing

CCHFV NP-specific antibodies. Figure 16 illustrates the cloning strategy

employed. The same cloning strategy was utilized for cloning the HTNV NP ínto

pCAGGS.
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Figure 16. CGHFV NP cloning ¡nto pCAGGS. CCHFV NP ORF was
cloned into the pCAGGS mammalian expression vector (A) using the EooR/
and Xhol restriction enzyme cloning sites following PCR amplification and
verificat¡on of insert (B).
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3.3.2 Cloning of CGHFV GP into pGAGGS

Several different strategies were attempted in cloning the 5055 base pair open

reading frame of the CCHFV GP into pCAGGS. lnitially, the focus was on

amplification of the entire ORF in a single reaction with designated terminal RE

sites for cloning into the vec'tor. DespÍte several attempts and modification of

PCR conditions, alteration of polymerase reagents and salt concentrations, this

approach proved unsuccessful. Specifically, the entire ORF could not be

amplified. The next approach was to ampliff the ORF in segments and insert

them into a TOPO vector followed by subcloning into the pCAGGS vector. Once

again, despite several unsuccessful modifications and cycling attempts, the

pCAGGS CCHFV GP clone remained elusive. Although two of the three

segments could be amplified, the central portion of the ORF could not be

synthesized - several mutations, most commonly significant deletion mutations

would arise.

After much hard work and similar strategies, colleagues in the Special Pathogens

Program at the Centers for Disease Control and Prevention (CDC) in Atlanta,

GA, USA were successful in getting a clone of the GP, although in a different

vector backbone. Experiments performed while at the CDC involved use of their

GP clone and subseguenüy included use of it as a template in trying to subclone

it into the pCAGGS vector. Digestion of the construct with Kpnl and Xhol

resulted in the liberation of the CCHFV GP and subsequent ligation into
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pCAGGS with relatively little difficulty. This clone was then used for co-

transfection experi ments performed i n Win nipeg.

3.4 Optimization of transfection conditions

A reproducibly high level of protein production was necessary for evaluation of

the CCHFV NP in many areas which requíred the initial optimization of

transfection procedures to establish the amount of DNA required and the optimal

time to harvest samples. Previous experiments demonstrated that the

mammalian 293T cell line was associated with the highest transfection

efficiencies, which could be further enhanced by the use of the Mlrus Translt-LT1

transfection reagent. Using a standard ratio of 2pl reagent per Ug DNA

transfected, various concentrations of DNA were transfected and harvested at

various time points after transfection. Similar experiments were performed for

evaluation of CCHFV NP detec'tion in the supematants of transfected cells. The

NP expression in transfected cell lysates at various times can be seen in Figure

17. The highest levels of NP detection were seen at 48 hours following

transfection with the use of the construct containing the C-terminal HA tag and as

a result, this construct was used for all further experiments.

Similar optimization protocols were performed for HTNV NP detection in

transfected cells, as seen in Figure 18.
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Figure 17. CCHFV NP detection in 293T cell lysates. 293T cells were transfected with pCAGGS
CCHFV NP containing either a C-terminal or N-terminal HA tag for ease of detection. Cells were harvested at
24, 48,72 and g6 hours post'transfection and analyzed for expression of NP by 10% SDS PAGE gel and
immunoblot analysis using an antibody directed against the HA tag (1:2000) followed by HRP conjugated goat
anti-rabbit (1:30,000). Mock (M) and empty vector (V) transfected cells were used as negative controls.
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Figure 18. Optimization of transfection conditions for HTNV NP in 293T cells.
Cells were transfected with 1 pg empty vector pCAGGS (V) or pCAGGS/HTNV NP (0.5 or
1.0 Ug) for 48 hours. Cells were harvested with SDS gel loading buffer, boiled and run on
10% SDS PAGE and analyzed for NP expression using an anti-HTNV NP antibody at
1 :1 ,000 and goat anti-mouse HRP at I :10,000.
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3.5 Gonfirmation of pCAGGS construct expression in 293T cells by IFA

293T cells were transfected with pCAGGS CCHFV NP or pGAGGS HTNV NP.

The chícken p ac'tin promoter in the pCAGGS construct promotes high level of

expression. At 48 hours post - transfection, cells were fixed, permeabilized and

stained as described in the materials and methods section. A peptide anti-

CCHFV NP antibodyrruas used at a dilution of 1:100 followed by the application

of a FITC +onjugated goat anti-rabbit antibody (1:f 00). DAPI staining was

applied for nuclear staining and was present in the mounting solution used prior

to visualization. For detection of HTNV NP, anti-HTM/ NP was used at 1:100

followed by F|TC-conjugated goat anti-mouse (1:40). CCHFV NP was detected

in the cytoplasm of transfected cells and appeared to concentrate in the region

around the nuclear periphery (figure 19). Similarly, HTNV NP was also detected

in the cytoplasm of transfected cells.
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Figure 19. lmmunofluorescence of CCHFV NP or HTNV NP to confirm expression in 293T cells.
293T cells were transfected with pCAGGS CCHFV NP or pCAGGS HTNV NP and fixed and permeabilized at 48
hours post-transfection. CCHFV NP was detected with anti-CCHFV NP (1:100) followed by FITC conjugated goat
anti-rabbit (1:100) (Panel B). lntracerltrlar detection of HTNV NP was Cone using anti-HTNV NP (1:100) followed by
goat anti-mouse FITC (1:a0) (Panels t). Both Bunyavrrus NPs were detected in the cytoplasm of cells. pCAGGS
was used as a negative control (PanelA).
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3.6 colocalization studies using Double lmmunoftuorescence

3.6.1 Colocalization Studies of Transfected GCHFV NP alone and with
CCHFV GP

To further investigate possible subcellular tocalization oÍ CCHFV NP in

transfected 293T cells, double immunofluorescence was performed. Cells were

either tansfected with empty vector (top row), CCHFV NP alone (middle row) or

CCHFV NP and CCHFV GP (bottom row) (Figure 20). Transfected cells were

permeabilized with Triton-X-10O and then incubated with anti-CCHFV Np alone

or in conjunction with anti-giantin (1:1,000), anti-calreticulin (1:200) or anti-actin

(1:200). Secondary antibodies were incubated with cells following washes with

PBS; Cy3-conjugated goat anti-rabbit or Cy3-conjugated goat anti-chicken

antibodies, both at dilutions of 1:100 were used.

Colocalization of the CCHFV NP with the golgi apparatus, endoplasmic reticulum

(ER)or actin cytoskeleton was then determined by confocal microscopy. Giantin

is a membrane inserted protein of the cis and medial golgi compartments

(Linstedt & Hauri, 1993). Calretículin is a catcium binding protein found in the ER

and sarcoplasmic reticulum and carries with it the conserved KDEL motif for ER

retention (Coppolino & Dedhar, 1998). The actin antibody used in these studies

recognizes the c-terminus of actin and as such will recognize all forms of actin

present.

Figure 20 illustrates the above described co-localization studies. When present

on its own, CCHFV NP does not coJocalize with the golgi nor with the ER. lt is

believed that the NP is forming inclusion bodies within the cytoplasm of

transfected cells since despite altering the concentration of DNA transfected,
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similar staining patterns were seen (data not shown). Consistent with previous

reports (Andersson et al., 2004), co-locdization of CCHFV NP with the actin

cytoskeleton can be seen, when expressed on its own as well as when co-

expressed with the viral GP. lnterestingly, when the GCHFV GP was present in

the transfection, the localization of the NP changes to demonstrate significant

colocalization with cytoplasmic organelles ER and Golgi.
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Figure 20. lntracellular expression of CGHFV NP c_onfirmed by double staining confocal microscopy. 2937
cells were transfected with empty vector (Mock) pcAGGS ccHFV NP aíone (Np) or with pcAGGS ccHFV Gp (Np/Gp) andfxed at 48 hours post - tnansfection. Cells were permabilized with Triton-X-100 to stain intnacellutar proteins. CCHFV Np was
detected with anti-CCHFV NP (1:100), followed by F|TC-conjugated anti-rabbit antibody (1:100). For working dilutions of ant¡ER,-golgi, -actin, please see Figure 21.
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3.6.2 Golocalization Studies of GGHFV NP in lnfected Gelfs

To investigate the subcellular localization of CCHFV NP during virus infection,

CCHFV lhAr 10200 infected Sl /13 cells were fixed, permeabilized and stained

as described above. Figure 2l demonstrates the colocalization studies of

CCHFV NP and giantin, calreticulin and actin in infected cells. The NP localizes

cytoplasmically and demonstrates perinuclear concentration in infected cells. ln

additÍon, it demonstrates substantial æloealization with the Golgi apparatus, the

ER as well as the actin filaments present in cells.
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Figure 21. Confocal microscopy analysis of double-stained ccHFV infected swlS cells. sw13 ceils wereinfected with CCHFV lbAr 10200 át a t:10 dilution of virus stock. 72 hours post-infection, cells were fixed with 4o/oparaformaldehyde' Fixed cells were permeabilized with Triton-X-100 and treated with primary antibodíes (anti-CCHFV Np, anti-giantin, anti-calreticulin, anti-actin) followed by secondary antibodies (conjugàt.o FITC or Cy3). The upper panel demonstratesmock infected SW13 cells and the bottom row are cells infected with CCHFù.
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3.7 Formation of Virus-Like Particles by Transfected CGHFV NP

3.7.1 tmmunoblot Analysis of the Release of GGHFV NP to Supernatants

To investigate the hypothesis that the NP of CCHFV is capable of rnediating

assembly and/or release of virus particles, examination of supernatant material

from transfected cells was examined. 48 hours following transfection,

supernatants were harvested, clarified by low speed centrifugation and then

mixed with SDS GLB for western blot and immunoblot analysis. Figure 22 A

illustrates the release of CCHFV NP to the supernatants of transfected cells.
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Figure 22. Detection of CCHFV NP in the supernatants of transfected cells. 48
hours following transfection, cellular supematants were collected, clarified end run on
immunoblot analysis (A). Clarified supematants were loaded on 20o/o sucrose cushion and
ultracentrifuged fortwo hours. Pelleted material was analyzed by immunoblot analysis for NP
detection using anti-CCHFV NP (1:1,000) and anti-rabbit HRP (1:30,000). (+) represents
sucrose cushion purified virus material.
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3.7.2 CCHFV NP is Present Following Sucrose Gushion Purification

To further investigate the role of CCHFV NP in mediating assembly and release,

clarified supernatant material was loaded onto 20a/o sucrose cushions tor

ultracentrifugation. Pelleting through a sucrose cushion suggests the protection

by membrane materialand the resultant pelleted materialwas run on immunoblot

analysis for detection of CCHFV NP. Figure 22B demonstrates the presence of

CCHFV NP following sucrose cushion purification.

ln evaluating the best conditions for detecting the CCHFV NP in the supernatants

of transfected cells, once again, plasmid DNA concentrations were varied as

were the culture plates - comparison of pooled 6 well plate samples with T75

flasks. The multiple bands seen are believed to be either alternative

phosphorylation patterns (upper two bands) or a degradation product (bottom

band). The optimization of these results can be seen in Figure 23.
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Figure 23. Optimization of CCHFV NP detection in supernatants of transfected cells. Varying
concentrations of CCHFV NP were transfected to 293T cells and 48 hours following transfection, supematants were
harvested, clarifíed and placed on sucrose cushions. Following ultracentrifugation, pelleted materialwas resuspended
in TNE and examined by immunoblot for optimal conditions to detect the CCHFV NP using anti-CCHFV NP at 1:1,000
and añti-rabbit HRP at 1:30,000. (A) displays the results of transfections of 1 well of 6-well plates, (B) displays a
comparison between supematants harvested from a T75 flask of transfected cells and pooled supematants from 6
wells of a 6-well plate. The red arrow indicating uppermost bands is believed to represent an altematively
phosphorylated form of the NP. The blue arrow below is thought to be a degradation product.
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3.7.3 Electron Microscopy of Supernatant Material

The detection of CCHFV NP in the supernatants both before and following

sucrose cushion purification was an excellent indication that VLPs were being

produced however it remained to be seen if the NP was assembling into

structures that are similar to authentic virions. Transmission electron microscopy

was used to assess the morphology of particle structure being formed. To do

this, following sucrose cushion purification of clarified supematant material,

pellets were resuspended in TNE buffer and fixed with 0.2o/o gluteraldehyde and

subsequenfly Airfuged (centrifuged) onto copper etectron microscopy grids. This

effectively concentrated the samples onto the grids and any particles present in

the sample should then be on the grids. Negative staining of the grids reveated

high levels of pleomorphic particles in the initially examined samples. These

particles were of similar size and morphology to published images for CCHFV.

Micrographs of samples first examined can be seen below in Figure 24. No such

particles were evident in empty vector transfected cetls. Although the first

examination of sucrose cushion purified material revealed an abundance in VLp

formation, subseguent purifications demonstrated drastic fluctuations in

quantities of VLPs detectable by EM.
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Figure 24. Transmission electron micrographs of VLPs. Sucrose cushion purified supernatants from CCHFV NP transfected
cells were fixed with 0.2o/o glularaldehyde, airfuged onto copper grids, negative stained and examined. lmages are 100,000 X. Arrows
indicate a tail formation, a feature commonly seen in particles budding from cells. A=negative control, empty vector transfected cells.
B, C, D represent VLPs formed by CCHFV NP. Different images are included to give an idea of the variety in particles seen.
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3.7.4 lmmunogold Labelling of CCHFV NP derived VLps

To demonstrate specificity of NP in formation of the CCHFV particles seen in EM

micrographs, immunogold labeling of the particles was pursued. Numerous

attempts were made to specifically label the particles, either with anti-HA or with

anti-GCHFV NP antibodies in addition to varying conditions lor non-

permeabilized versus several permeabilization techniques, yet specific labeling of

the particles was unattainable (data not shown).

3.7.5 VLP formation by CCHFV NP and HTNV Gp

Transfection conditions were optimized to detec{ the highest levets of Np

possible in supernatants of transfected cells, yet EM analysis continued to

demonstrate inconsistencies in particle detection. To address this concern, it

was postulated that the addition of the CCHFV GP could help stabilize the

efficiency of particle formation. During the time that sígnificant efforts were put

into the cloning of the CCHFV GP into the same expression vector (pCAGGS), it

was thought that a heterologous GP from the same Íamity could also improve the

efficiency of GCHFV NP driven particle formation. The HTNV Gp which was

used by other members of the Special Pathogens lab was tested for this ability.

As seen in Figure 25 (A), the CCHFV NP/HTNV GP supernatants of transfected

cells also demonstrated release of the NP to supernatants and was present

following sucrose cushion purification. Figure 25 (B) demonstrates EM analysis

of the sucrose cushion purified material fiom CCHFV NP/HTN Gp transfected

cells and indicates the presence of vLps in these samples as well.
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Figure 25. Analysis of the Formation of VLPS by GCHFV NP and HTNV GP. CCHFV NP can be detected by immunoblot
analysis (A) following sucrose cushion purification of supematants from CCHFV NP i HTNV GP transfected cells. 1 - CCHFV NP alone,
2= CCHFV NP and HTNV GP transfections. Anti-CCHFV NP was used at 1:1,000 and anti-rabbit HRP at 1:30,000. (B) and (C) display
the EM analysis of sucrose cushion purified material from CCHFV NP/HTNV GP transfected cells. Magnification at 100,000 X.
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3.7.6 VLP formation by CGHFV NP and CCHFV GP

Despite many months of effort to develop modified cloning strategies, a

functional clone of the viral GP had yet to be made. Colleagues in the Special

Pathogens Branch at the Centers for Disease Control and Prevention in Atlanta,

GA USA had a sequence verÍfied clone of the CCHFV GP. Stuart Nichol, head

of the program, kindly extended an invitation to come work in his lab pursuing

sorne of the expression studies of the pCAGGS CCHFV NP clone developed

here in conjunction with their GP clone. The CDC GP clone was in a different

vector backbone, the pcDNA3.1 Topo vector and under the control of the T7

promoter. A Vaccinia virus driven T7 polymerase (W-T7) was required to infect

cells prior to transfection with the GP construct to achieve suitable levels of

expression. lt was unclear at the time what, if any, effect the presence of the W
may have on VLP productíon. lt was postulated that perhaps a plasmid driven

T7 would be sufficient in driving the T7 promoter and so in parallel with the W
driven TTexperiments, co-transfection of pCAGGS/T7 with the CGHFV NP and

the Atlanta GP was canied out. The optimized concentration of 4¡rg NP was

used with varying concentrations of the GP. ln the plasmid-driven T7 set of

experiments, 2¡.rg of pCAGGS/T7 was co-transfected at the same time as the

CCHFV constructs. ln the W system, cells were infected with W-TZ at an MOI

of I one hour prior to transfection. The immunoblot analysis of CCHFV Np

expression in these experÍments can be seen in Figure 26. When the W driven

T7 system was used, a very weak CCHFV NP could be detected w¡th either 4 or

8 pg of CCHFV GP. ln contrast, the plasmid-driven T7 system provided a
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substantially stronger CCHFV NP following sucrose cushion purification vyhen 4

pg of the viral GP was transfected.

EM analysis of these samples revealed sorne interesting findings. Specifically,

structures were seen when W was present in the cells, and these were not seen

in transfected cells alone. These structures are belíeved to be a result of W

expression and may in fact be virus particles. Figure 27 displays EM

micrographs of negatively stained sucrose cushion purified material.
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Figure 26. Comparison of GCHFV NP expression in sucrose-cushion purified supernatants from 2937
cells transfected with pGAGGS/CGHFV NP and varying concentrations of pcDNA3.l/GP. (A) disptays
the immunoblot analysis of W-T7 driven GP expression and (B) represents GP expression as a result of plasmid
driven T7. The numbers at the top of the images represent the varying concentrations of GP transfected. 1 = 0.5pg, 2
= 1F¡9, 3 = 2Ug, 4 = Ug, 5 = 8pg. As can be seen, the plasmid-driven T7 system using 4¡lg of GP provided the strongest
detection of CCHFV NP following sucrose cushion purification. CCHFV NP detection was done using anti-CCHFV NP
at 1:1,000 and anti-rabbit HRP at 1:30,000.

W-T7 driven system

Plasmid driven T7 system



A.
(Figure 27)

Figure 27. EM analysis of sucrose cushion purified supernatants from pGAGGS/CCHFV NP and pcDNA3.l/GP
(CDC). A and B represent plasmid-driven T7 for expression of CCHFV GP and C and D represent the W-T7 system. The two
images seen in A are particles detected when NP afone is transfected and B shows a particle seen when GP is also present,
Similarly, the C column shows samples of NP - alone transfected cells and D is when NP and GP are both present. The lower
panel in C shows some interesting forms that were present in most of the W samples and may be vaccinia-related structures,
Authentic CCHFV particles can be seen in Figure 30.
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Clearly, the need for a pGAGGS/CCHFV GP clone was evident. lt appeared as

though the expression of the GP in the pcDNA3.1 construct was not sufficiently

strong and a better idea of VLP production may be had by a pCAGGS construct.

\Mth the long-awaited CCHFV GP clone achieved through subcloning from the

pcDNA3.1 construct into the pCAGGS vector, transfec{ion oÍ 293T cells was

carried out and assessment for the formation of VLPS was performed.

lmmunoblot analysis provided an initial indication for the formation of membrane

particles that are released to supernatants of transfected cells as seen in Figure

28.

Furthermore, EM analysis revealed the formation of VLPs that were similar in

both size (80 - 120nm) and morphology to authentic virions as seen in Figure 29

(Donets et al., 1977, Korolev et al., 1976). Surface projections radiating from the

periphery of such particles can be seen ín the micrographs and are believed to

be glycoprotein spikes. Unfortunately, the lack of an antibody directed against

the GP prevented the ultimate identífication of GP. However, the appearance of

glycoprotein - like structures on the VLPs made from transfections including a

GP construct tends to support the possíbilíty that the GP is being expressed.
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Figure 28. lmmmunoblot analysis of supernatants from GCHFV NP and CGHFV GP transfected 293T cells. Results
indicated the release of membrane bound material containing CCHFV NP following sucrose cushion purification by immunoblot
analysis using anti-CCHFV NP at 1:1,000 and anti-rabbit HRP at 1:30,000. I = sucrose cushion purified material from CCHFV NP
transfected cells, 2 = material from NP and GP transfected cells, 3 = pos¡tive control, sucrose cushion purified material from CCHFV
infected cells.
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Figure 29. EM micrographs of VLPs formed by GGHFV NP and CGHFV GP. Arrows indicate the presence of surface
projections radiating from the periphery of the particle, believed to be glycoprotein spikes (C,D). These particles are compared with
authentic CCHFV virions for size and morphology (E). VLPs formed by CCHFV NP alone can be seen in B, and empty vector
transfected material in A. lmages A and B are 100,000 X magnification and C, D and E are at 200,000 X magnification.
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lntracellular examination of transfected 293T cells was performed via thin

sectioning of cells and EM analysis. Figure 30 illustrates these results. When

CCHFV NP is transfected alone, distinc't structures can be seen within the

cytoplasm of transfected cells which are absent in empty vector - transfected

cells. When CCHFV GP is co-transfected with the viral NP, large inclusion

bodies are seen within the cytoplasm.
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Figure 30. EM micrographs of lntracellular environment following transfection of 2g3T cells with ccHFV Np alone(B'C) or with CCHFV GP(D,E) as compared with empty vector transfected cells (A1) and CCHFV infected SWlgGells (42). NP alone demonstrates the presence of particle-like structures within the cytoplasm as indicated by red arrows (B,C).
When GP is co'transfected, large inclusion bodies (red anows) can be seen within the cytoplasm of transfected cells (D,E). Bluearrows in A2 indicate CCHFV within cells. 41, B, D and E are at 10,000 X magnification. AZanO C are 42,000 X.
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3.8 Analysis of Purified CCHFV VLPs

3.8.1 Density Gradient Examination of CCHFV VLPs

To determíne the efficiency of membrane association of the CCHFV NP, flotation

analysis of expressed NP alone or with GP was performed. CCHFV NP alone or

with GP was transfec'ted in 293T cells for 48 hours as described previously. At

48 hours following transfection, supematants were collected, clarified and

sucrose cushion purified. The pelleted material was resuspended in TNE buffer

and subjected to iodixanol gradients and ultracentrifugation at 165,000 X g for a

minimum of 4 hours. lml factions were collected from the top of the gradients

and proteins were precipitated w¡th trichloroacetic acid (TCA). Precipitated

materÍal was mixed wíth SDS GLB and run on SDS-PAGE for ímmunoblot

analysis. Crude protein will sediment to the bottom of the tubes and membranes

and associated proteins will migrate in the opposite direction during

ultracentrifugation and can often be detected at the OptiPrep-TNE interface

(Eichler et al., 2004, Strecker et al., 20og). As can be seen in Figure 31, when

VLPs comprised of both CCHFV NP and GP were subjected to the density

gradient centrifugation, the NP could be detected in one of the uppermost

fractions, at the OptiPrep-TNE interface, fraction 3. This is in contrast to Np-

alone derived VLPs wÍth detection of the NP atso in the hígher density fractions

(fractions  -7) (Figure 31, upper panel).
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Figure 31' Flotation Analysis of Purified CCHFV VLP material by OptiPrep Density Gradient Centrlfugation.Sucrose cushion purified VLPs were subjected to density gradìent centrifugatioñ by-a self-iormed gradient with the use of optiprep
1-ale1al, Following centrifugation, 1ml fractions were collected from the top är tn" gradient, protein was precipiüated and run 10% SDSPAGE'. The upper panel illustrates the relative concentration of COHFV ruÞ ¡n the higher density fractions although distribution acrossseveral fractions can be seen' when tltg c_cHFV GP is present, the concentration of the ccHÈv Np is limited to a single fraction ascan be seen in the bottom panel. Anti-CCHFV NP was uéed to detect the NP in this experiment at a concentration of 1:1,000 and anti-rabbit HRP at 1:30,000.
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3.8.2 Determination of CCHFV NP VLP Sensitivity to Proteinase K

Treatment

It has been described previously that VLPs formed by proteins from different

viruses (Lassa virus, Ebola virus) are resistant to degradation by proteinase K

enzymatic treatment (Eichler et al., 2004b, Jasenosky et al., 2001, Strecker et al.,

2003). ln an effort to assess the integrity of the VLPs formed by either CCHFV

NP alone or in conjunctíon with the viral GP, a proteinase K assay was

performed on sucrose - cushion purified VLPs. As a positive control for

digestion, incubation of VLPs with Triton-X-100 was also included in the assay.

ln addition, to provide a positive control for the assay, VLPs formed by the

Ebolavirus Zaire (ZEBOV) VP40 and GP, which are known to be VP40-resistant

to proteinase K digestion, were also included in the experiment. Figure 32

demonstrates the results of this experiment. Panel A demonstrates the VLPs

formed by CCHFV NP alone. As can be seen in the figure, the NP in the VLPs is

sensitive to proteinase K digestion. This is also seen in CCHFV NP and GP -
derived VLPs, as can be seen in Panel B. Similarly, authentic sucrose-cushion

purified CCHFV virions demonstrate NP-digestion by proteinase K, as displayed

in Panel C. Panel D illustrates the resistance of ZEBOV VP40 in VP40/GP -
formed VLPs to digestion with proteinase K.
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Figure 32. Proteinase K Assay to determine sensitivity of vLPs formed by GGHFV Np, ccHFV Np + ccHFV Gp as
compared with sensitivity of authentic GCHFV virions to enzymatic degraOãt¡on of NP. panetA i¡ustrates VLps formed by
CCHFV NP alone, Panel B is CCHFV VLPS formed by CCHFV NP+ 6þ, and Panèl C represents authentic CCHFV virions. panet D is apositive controlfor assay conditions, the Ebolavirus VP4O/GP VLPs which demonstrate resistance to degradation to proteinase k activity.
As can bee seen above, VLPs formed by either CCHFV NP alone or NP+GP demonstrate sensitivity to digestion with proteinase k, a
feature that is shared by authentic CCHFV virions. Anti-CCHFV NP was used at 1:1,000 in A,B,C and SE4 (anti-Vp4o) was used in D at
1 :1,000.

GCHFV virions

Triton X

GCHFV NP/GP VLPs
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3.8.3 EffortE to improve the yield of VLPs

Different approaches were taken in an effort to improve the quantity of VLPs

detected by EM analysis. Although transfection conditions had been optimized

and western blot analysis demonstrated a strong signal for sucrose cushion

pelleted material, EM analysis had yet to demonstrate a consistently hÍgh

concentration of VLPs. One approach, described earlier, involved the co-

transfection of the viral GP. While those samples demonstrated VLP production

and incorporation of the GP into the particles, the overall yield remained quite

low. lt was then thought that perhaps the sucrose purification step interfered with

particle integrity or stability. To investigate this, supernatants from transfected

cells were harvested, clarified of cellular debris and fixed w¡th O.2o/o

glutaraldehyde. Samples were once again Airfuged onto the copper grids and

with negative staining, viewed by EM. Figure 33 illustrates the formation and

release of VLPs to the supernatant of CCHFV NP/GP transfected cells, although

at a fairly low concentration. The morphology and size appear to be similar to

those seen following sucrose cushion purification, and the purification step

seems to be necessary to concentrate particles that are present in the

preparation.
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Figure 33. EM micrographs of Clarified Supernatants from CCHFV NP/GP transfected cells without
sucrose cushion purification. Following clarification of supematants 48 hours post-transfecton, material was airfuged
onto copper grids, negative stained and viewed by EM in an effort to ascertain if sucrose cushion purification altered the
morphology of particles. Pleomorphic morphology of particles can be seen, as can a distÍnct glycoprotein fringe, although the
concentration of particles is quite low. Magnification at 200,000 X.
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Another approach to improve the VLP yield was to test different concentrations of

sucrose used in the cushion purification. Following harvest of supernatants from

CCHFV NP/GP transfected cells and clarification by low speed centrifugation,

material was then loaded onto different concentrations of sucrose for pelleting.

Sucrose cushion concentrations tested included 5o/o,7.5o/o, 10Vo, 15o/o and 20o/o.

As can be seen below in Figure 34, the different concentrations had very little

effect on NP detection.
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Figure 34. Western blot analysis of CCHFV NP detection in supernatants of Np/Gp transfected celtsfollowing sucrose cushion purification testing different concentrations of sucrose. Cla¡fied supematants
were loaded onto 5'/! \1),7'5o/o (2), 10% (3), 15o/o (4) or 20% (5) sucrose cushions and ultracentrifuged. pelleted materialwas run on SDS-PAGE and analyzed for NP using anti-CCHFV NP at 1:1,000 and anti-rabbit HRp at 1:30,000. (+)
represents cell lysates from transfected cells as a positive control for antibody detection.

kDa (+)

(Figure 34)
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3.9 HTNV NP is Also Released To Supernatants of Transfected Cells

To determine if the NP-mediated assembly and release of particles was a unique

feature of CCHFV, similar experiments were carried out with HTNV, a Bunyavirus

from a different genus (Hantavirus).

As described for CCHFV, 293T cells were transfected with the HTNV NP and GP

plasmids (both in the pCAGGS vector backbone) and 48 hours following

transfection, supernatants were harvested, clarÍfied and sucrose cushion purified.

The pelleted material was resuspended in TNE and run on SDS-PAGE for

immunoblot analysis. This material was also tested for sensitivity to proteinase K

digestion as described above for GGHFV. The results of these experiments can

be seen in Figure 35. ln Panel A of Figure 35, the immunoblot analysis of NP,

GP or NP/GP transfections is shown, with detection of HTNV NP. lt is evident

that following sucrose cushion purification, the NP is present in the pelleted

material of both NP alone and NP/GP supernatants. Little to none was detected

in the clarified supernatant material prior to sucrose purification, indicating a need

for concentration of the material. ln Panel B of Figure 35, the purified material

was tested for sensitivity to proteinase K digestion. As can be seen, both NP

alone and NP/GP samples are sensitive to enzymatic degradation, similar to

what was demonstrated for CCHFVVLPs and authentic virions.
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Figure 35. HTNV NP is released to supernatants of cells following transfection. 293T ce¡s were transfected with
HTNV NP and HTNV NPiGP and supematants were assessed for release of Ñp following sucrose cushion purification. ln panel
A, ceils, supematant (sup) and sucrose cushion purified material (S.C.) of either NP transfections, GP transfections or Np/Gp
transfection were were examined by immunoblot analysis. Following sucrose cushion purification, the Np could be seen in both
!P and NP/GP purified material. Panel B displays the sucrose cushion purified material subjected to proteinase K digestion.
Both NP and NP/GP samples were sensitive to enzymatic digestion. Detection of HTNV NP wâs carried out with an anti-HTNV
NP antibody at a dilution of 1 :1 ,000 and anti-mouse HRp at 1 :10,000.
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3.10 Putative CCHFV NSs is not Expressed in lnfected Gells

The identification of a putative additional ORF in the S segment of CCHFV

suggested that a non-struc'tural protein (NSs) may be produced by this virus, a

feature of other genera within the BunyawTus family (Bishop, 1996, Elliott, 2000,

Elliott et al., 1991, Nichol, 2001, Schmaljohn,2001). This putative gene ol 453

bp was cloned into pCAGGS with an HA tag for ease of detection and the

construct was transfected into 293T cells and assessed for expressíon. At

various time points following transfection, cell lysates were run on SDS-PAGE

and immunoblot analysis using an anti - HA antibody. As can be seen in Figure

36 A, a l6kDa protein fitting with a predicted size can be detected at all time

points following transfection. The presence of another band may suggest an

alternatively phosphorylated form. ln Panel B, detection of NSs is evaluated in

both cells and supernatants transfected w¡th either CCHFV NP, NSs or both

using a peptide antibody designed against the NSs. As can be seen, NSs is only

detected in cells, and only in those cells transfected with NSs alone. Panel C

illustrates that the NSs cannot be detected in CCHFV infected cells. There was

no further pursuit of the NSs at thís time.
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Figure 36' The putative GGHFV NSs can be detected in transfected, but not infected cells. panet A shows the
detection of the putative NSs protein using an anti-HA antibody (1:2,000) al 24,48,72, g6 hours after transfected. panel B
demonstrates untransfected cells (M) versus CCHFV NP, NSs or both transfected as well as supernatants from the cells using a
peptide antibody against the NSs at 1:1,000 and anti-rabbit HRP at 1:30,000. NSs is only detected in the NSs cells alone (arrow).
Panel C illustrates that NSs cannot be detected in infected Vero E6 cells.
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4.0 Discussion

4.1 Project Background

crimean-congo haemorrhagic fever virus (ccHFV) is a member of the genus

Nairovirus. family Bunyaviridae and consists of a tri-segmented, RNA virus of

negative polarity (schmaljohn, 2001). There are four structural proteins encoded

by the segments and the reader is referred to Chapter 1.6 for detailed information

about the proposed functions associated with each protein. Relatively litfle is

known about molecular aspects of CCHFV, especially in comparison with other

members of the Bunyaviridae family. Up until recentty, most information in the

literature regarding this virus was focused on serological and epidemiological

data available from reported outbreaks. over the last 4 years, more information

and sequence data has become available which will aid in understanding this

significant pathogen of humans on a deeper level. specifically, reports have

emerged describing the characterization of the viral glycoproteins, including

processing of a precursor form into the mature Gn and Gc species associated

with ccHFV virions (sanchez et at., 2006, sanchez et al., zooz,Vincent et at.,

2003)' ln addition, the complete sequences of some strains have recenly

become available - the extreme size of the L segment of this virus has made it

difficult to obtain complete information until only recenfly (Honig et al., 2004,

Kinsella et al., 2004, Meissner et ar., 2006). The first report of segment

reassortment for ccHFV s and M segments was pubrished - the phenomenon

had been described for other members of the Bunyaviridae family, but this was
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the first report of its type for Nairoviruses (Hewson et al., zl}4,Lukashev, 200s).

of particular interest to this series of experiments is the data published in the last

two years describing work done with the ccHFV nucleocapsid protein expressed

by the semliki Forest virus system. This series of experiments describes the Np

localization and interaction with actin filaments, and that the interferon-induced

GTPase MxA protein interacts with the ccHFV Np and interferes with viral

replication (Andersson et ar., 2004a, Andersson et ar., 2006, Andersson et at.,

2004b).

An increase in the number of reports of CCHF cases in new locations is also

evident in recent years and reinforces the need for more detailed molecular

information about the virus - elucidation of mechanisms involved in virus

assembly, maturation, pathogenesis - all will contribute greafly to a better

understanding of the virulence associated with this pathogen and provide

avenues for the development of effective prophylactic and therapeutic modali¡es.

To address these issues, focus of this work was praced on the ccHFV s
segment' The first goal was to establish some basic growth kinetics about this

virus - determine which cells were most efficient at propagating the virus by

identifying when s segment RNA and the NP can first be detected. The second

goal was to characterize potential functions associated with the Np. At the time

this project was started, the only literature published about the Np involved

discussion of alternative methods of detecting it in various díagnostíc assays.

The objective here then was to identifo what rore if any the Np prayed in
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mediating virus particle assembly and/or release from cells. This also involved

examination of localization of the NP within cells. ln light of the recen¡y

published data mentioned above, the data presented here fits very nicely and

provides more significant insight into the role of ccHFV Np in virus maturation

and release.

4.2 Challenges in GGHFV Research

several interesting chaltenges were presented during the course of this work.

Perhaps the most difficult task was the cloning of the ccHFV Gp. lt is well

known that in the worrd of buynyaviruses, grycoprotein croning can be

challenging (A' sanchez (cDc), personar communication). with ongoing

perseverance and the application of several strategies, a Gp clone in the

pcAGGS expression vector was achieved ultimately by subcloning methods from

a pcDNA3'1 Topo clone made at the CDc in Atlanta (kindly provided by s.Nichol,

special Pathogens Branch, centers for Disease Gontrol and prevention, Aflanta,

GA, USA).

working with ccHFV is itself a challenge compounded by the lack of a robust

virus stock and difficulties in titering the virus. The virus itself is not terribly stable

and great care must be taken when puriffing the virus - significant decreases in

infectivity have been seen upon freezelthaw of the supernatants of infected cells

(personal communication, A. Sanchez, CDC).

A functional antibody directed against the GP would have added nicely to the

data presented here. Although a his-tagged antibody directed against the Gp
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generously provided by A. Holmstroem (Sweden) was in-house, it was never

able to detect GP in western blot or immunofluorescent assays. Several

considerable attempts to synthesize a CCHFV-glycoprotein speci¡c antibody but

efforts were unsuccessful. The use of peptide antibodies and hyperimmune

ascities fluid from the CDC were also unsuccessful in detecting the CCHFV Gp

expression in either western blot or immunofluorescent analysis, however similar

difficulties were had by colleagues in the Special Pathogens Branch in Alanta.

Often they were only able to achieve detection through the application of

radioimmunoprecipitation assays (personal communication). tn addition,

synthesis of peptide antibodies against two independent regions of the full length

GP proved unsuccessful as well. Although peptide antibodies are not

guaranteed to detect protein expression, a similar antibody directed against the

ccHFV NP provided excellent detection both in transfected and infected cells

Figure 15, Section 3.2.3).

That being said, the peptide antibody against NP was unable to detect the Np in

immunogold labeling experiments for electron microscopy. Several different

strategies were tested including the addition of permeabilization, permeabil2ation

with different reagents, and many different conditions for staining, CCHFV Np

could not be detected despite the fact that VLPs were present. lt is possible that

the epitope recognized by the peptide antibody is not available for recognition -
protein folding patterns may hide this region in formed particles. lt is also a

possibility that the NP is not present ín the VLPs, however the data presented

here provides evidence supporting its presence in the particles. Future studies
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characterizing the structure of NP in vLPs will aid in determining the location of

different motifs, regions in the protein.

4.3 swl3 ceils provide the Best Background for ccHFv propagation

The human hepatoma cell line HuH7, the human adenocarcinoma cell line SW13

and the simian green monkey kidney cell line Vero E6 were all assessed for their

ability to propagate CCHFV' The two human cell lines were selected based on

reports in the literature stating sites of CCHFV detection in clinical samples as

well as descriptions of the use of sW13 by other groups. The Vero E6 cell line

was evaluated because of its usefulness in propagating a number of different

viruses, including haemorrhagic fever viruses owing to its defective interferon

system (Desmyter et al., 1968). lnitial plans to test the use of a tick cell line were

not pursued further following conversations with the lab at the CDC who

described difficulties in achieving sufficient levels of virus infection combined with

difficulties in maintenance of the cultures.

Evaluation of markers of transcription and replication [based on RNA production

(cRNA and vRNA respectively)l and protein production (based on Np detection)

in HuHT cells identified evidence at 12 hours after infection, compared with

inconsistent vRNA and cRNA in Vero Eo cells despite consistent B-actin

detection in cells (Section 3.1, Figures 10, 11). The best results were seen in

SW13 cells which demonstrate vRNA at 12 hours and cRNA at g hours after

infection, and NP detection at 12 hours. Furthermore, the steady increase in viral

protein expression over time was most robust in the SWlg cells when compared
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with HuHT and Vero E6. Although not typically seen in ccHFV infections, some

mild CPE could also be detected in the SW13 infections as compared with the

other two cell lines. This cell line was derived from human adrenal carcinoma

cells' Tropisim of viruses for different cells is quite virus specific and it often

takes time to determine which cells are best able to propagate each virus. The

data presented here demonstrating the best results for ccHFV infection in sw13
cells are consistent with and confirm reports in the literature that identiff the use

of this cell line for ccHFV propagation (chumakov et al., 1g70, shepherd et al.,

1986, watts et al., lggg). The human embryonic kidney cell line 293T was

tested for its abirity to propagate ccHFV, and whire it was amenabre to the

transfection and expression studies described here, it was not helpful for

infection - very low tevels of virus was detected and the cells were very fragile

during any experiments with whole virus (data not shown). The lack of an animal

model for this virus makes in vivo study of virus-host interactions difficult and this

could provide insight into specific cell types the virus has a preference for and

delineate what types of host machinery are utirized by the virus. Arthough

beyond the scope of this project, it is interesting to ponder possible interactions

of cellular host factors that modulate trafficking and propagation of virus infection.

of particular interest would be evaluation of different arthropod cell lines and their

abílities to propagate ccHFV infections since they are a key phase of the virus

life cycle.
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4.4 Expression of CGHFV Np

ccHFV NP was cloned into pcAGGS for mammalian expression. Expression

was tested in 293T cells which typically are amenable to relatively high levels of

tra nfection efficien cy.

The expression of ccHFV NP by the pcAGGS vector in 2g3T cells was detected

by immunoblot analysis at 24,48,72 and96 hours following transfection (section

3'4 Figure l7). The highest levels of expression were detected at 4ghours after

transfection with the c-terminal HA-tagged construct. This expression was

confirmed by IFA which demonstrated a cytoplasmic pattern of expression

(Figure 19).

Expression of another bunyavirus famiry member (genus Hantavirus), HTNV Np,

was also detected in 293T cells by both IFA and immunoblot analysis (Figures

18, 1 I respectivery) and demonstrated cytoprasmic rocarization.

These results are interesting in light of previous reports for intracellular

localization of nucleocapsid proteins from different negative strand RNA viruses -
both within the famiry Bunyavirídae and outside the famiry as weil. The

nucleocapsid protein of paramyxoviruses such as Measles virus as well as the
sARs coronavirus have been shown to tocalize to the nucleus of cells and in

some cases, can be detected in the nucleolus (you 2005, Fourier 1gg3). For

members of Bunyaviridae, the localization of NP appears to be quite specific to

individual viruses and cannot be generalized for the family as a whole. while
there have been no reports to date for a bunyavirus Np localization to the inner

region of the nucleus, specific regions within the cytoplasm have been described
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for different members. Furthermore, localization of the Np can be altered

depending on if the protein is expressed on its own or in conjunction w1h other

viral proteins. The Lacrosse virus (LAcv), which belongs to the

Orthobunyavfius genus is a good example of such a case (discussed in Ravkov

& compans, 2001). when the Np of LAcv is expressed on its own, it can be

found distributed throughout the cytoplasm of cells. However, in the presence of

the viral glycoproteins, the Np migrates to the Gorgi apparatus (the site of

bunyavirus assembry). The Brack creek canar Virus (Bccv), member of the

Hantavirus genus, displays a different type of Np localization. Although still

cytoplasmic, the NP concentrates in the perinuctear regíon of cells and is
associated with membranes in this region and the Gorgi comprex (Ravkov &

Gompans, 2001). This perinuclear localization was observed for other

Hantavirus members, and arso for the Naftowrus ccHFV (Andersson et ar.,

2004b)' This perinuclear localization of ccHFv Np is consistent with

observations from the work described here; whire the ccHFV Np was seen

within the cytoplasm of cells, it appeared to concentrate in the region surrounding

the nucleus' Several of the NPs of the family have also been described to

interact in some fashion with actin filaments. lt appears to be specific

mechanisms for each virus that will dictate localization, and likely sites of

bunyavirus assembly within cells. To determine specific localization of ccHFV
NP within cells, double staining confocal microscopy was performed.
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4.5 CCHFV Np Localizes Cytoptasmically

CCHFV NP expressed by pCAGGS was examined for its ability to local2e to

subcellular organeiles, namery the endoprasmic reticurum (ER) and Gorgi

apparatus' The NP was also evaluated for interaction with the actin network

within cells.

ccHFV NP when expressed on its own, was not detectable in association with

either the ER or the Gorgi (section 3.6, Figure 20). rnterestingry however, the
distribution of the NP within the cell was altered when the ccHFV Gp was co-
expressed' ln the presence of the GP, NP was detected associated with

membranes of both the ER and the Golgi apparatus, similar to Np localization in
the presence of whore virus (Figure 21). The abirity of the Np and Gp to
assemble into particles and bud from cells in a similar fashion to authentic virus

will be discussed below, however, it is apparent that this assembly and release

has a significant effect on cellular architecture and pathways utilized during
particle maturation. Recent reports describe the retention of ccHFV Gn in the
Golgi and Gc in the ER, data consistent with the retention of other bunyavirus

glycoproteins to the Golgi and in keeping with the theory of virus budding thru the

Golgi (Haferkamp et al., 2005). ccHFV virion maturation occurs by budding

through the ER into cytoplasmic vesicles in the Golgi area which are then

assumed to fuse with the plasma membrane for release to the extracellular

environment (Donets et ar., 1977, Kororev et ar., 1976). Thus the data presented

here suggests that the grycoproteins "hijack,,the ccHFV Np and carryit arong to
the membrane regions of these subceltula r localizations during cycling of the
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virus through its cellular environment. This is likely occurring through an

interaction between the carboxy-termini of the glycoproteins (Gc specifically) with

the NP which then directs the NP to the membranes of the ER and/or Golgi.

The ER-Golgi secretory pathway for properly folded proteins is well described

(Hong & Tang, 1gg3). upon examination of the ccHFV Np protein sequence,

there is no evidence of a signal peptide or recognition motif for ER signaling or

retention, although as stated above, the viral glycoproteins have been shown to
interact with both ER and Golgi. This is not the first time that a member of the

Bunyaviridae family shows cytoplasmic localization of its Np when expressed

alone and then an altered distribution when the glycoproteins are co-expressed -
the I-ACV NP displays a similar phenomenon as described above (Ravkov &

compans, 2oo1). Furthermore, other NPs of viruses in the family have been

seen to interact with membranes and actin filaments and display quite different
patterns of localization. what is conceivable for ccHFV, is that in the presence

of the viral glycoprotein, there coutd be an interaction between the cytoplasmic

domain of GP (Gc) and the NP such that the NP is brought into close proximity

with the membranes of the ER and the Golgi complex. Although transcription,

replication and assembly of bunyaviruses is known to occur in the cytoplasm of
infected cells, it is likely that varíous stages of the virus life cycle are associated

with specific organelles within the cytoplasm. The fact that the Np is detected in
the region of the Golgi in the presence of the glycoproteins (both in transfected

and infected cells) provides support for the belief that the Golgi is the site of
assembly' What is interesting to consider is that perhaps the assembly of the
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RNP complex might be intertwined with the NP localization to membranes of the

ER and Golgi. Positive sense viruses such as poliovirus and brome mosaic virus

have been shown to closely interact with membrane surfaces for key life cycle

events (Ahlquist, 2006) and it is possible that some bunyaviruses utilize

membranes in some way to stabilize the assembly of RNp complexes.

Furthermore, the co-localization of CCHFV NP (as well as other bunyavirus Nps)

with actin filaments in cells may provide a platform for targeting of the RNps for

assembly of virions to be released at the cell surface.

ln the examination of CCHFV NP interaction with actin filaments, co-localization

with actin was seen - when NP was expressed on its own, co-expressed with the

GP, and in the presence of whole virus as well (Figures20,21¡ This is consistent

with prevíously published reports (Andersson et a] .,2004b, Ravkov & compans,

2001)' lnterestingly, while some co-localization was evident, there were also

clearly regions of the cytoplasm where there was no overlap between Np and

actin. One could suggest that perhaps some actin isoforms were not being

detected by the antibody, however, the antibody used in these studies was

targeting a C-terminal portion that is present in all isoforms of actin. lt is possible

that the NP could be interacting with alternative components of the cytoskeletal

ultrastructure. Perhaps the expression of NP is limited to specific regions of the

cytoplasm and with alterations in the actin organization, co-localization can be

seen when the actin and Np are present in the same areas.

Closer examination of the NP sequence reveals interesting features. ln additíon

to several phosphorylation sites, a bipartite nuclear targeting sequence is present
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from amino acids 342- 358 of the 482 aa protein. While there has never been

any nuclear localization of the NP - whether expressed on its own or in

conjunction with GP, nor in the context of whole virus - the concentration of Np

in the perinuclear region could be explained by this motif. The detection of Np in

this region has been described by others as well (Ravkov & Compans, 2001),.

These authors propose an interaction of NP with cellular MxA proteins

(Andersson et al., 2004a, Andersson et ar., 2oo4b), but perhaps this motif also

plays a role in this localization pattern. The details surrounding nuclear

localization with repect to targeting sequences are interesting and can be quite

complex. Several motifs are capable of directing proteins to the nucleus but

certain factors seem to regulate the activity. Presence of the targeting signal in

the amino terminus of proteins seems to be associated with crossing of the

nuclear pore and detection of the protein inside the nucleus (Aul, 2002, Streb,

2005). Furthermore, there appears to be a hierarchy of targeting domains with

some mediating perinuclear or peripheral nuclear targeting and others for internal

nuclear targeting. ln addition, a previous report about the influenza virus pB2

protein suggests a multistep phenomenon with nuclear localization signals

(Mukaigawa & Nayak, 1991). This involves 1) perinuclear locatization and 2)

translocation across the membrane. This PB2 protein which contains 2 targeting

signals has one that mediates cytoplasmic, perinuclear locatization while the

other signal is important for translocatíon of the protein across the nuclear

membrane. Perhaps the signal within the CCHFV NP combined with its tocation

in the carboxy terminus of the protein are responsible for its cytoplasmic
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localization with perinuclear detection. The complexity of subcellular

components and the individuality of each virus makes it difficult to extrapolate

from one system to another and a systematic characterization of pathways and

compartments utilized is required. As further molecular detail about CCHFV

becomes available, a more comprehensive understanding of how it manipulates

its cellular environment will be evident.

4.6 GCHFV NP Produces VLPs

With the four structural proteins of L, Gn, Gc and Np being produced by CCHFV,

it was hypothesized that, in addition to what is known, the NP takes on the role of

a matrix-protein equivalent for this virus in mediating particle assembly and

release during virus maturation, For several negative strand viruses, the matrix

protein is the driving force for virion structure and budding (Schmitt & Lamb,

2004). ln the absence of other virus proteins, the matrix protein is capable of

self-assembly into particle-like structures that are released from cells and

resemble the size and morphology of genuine virus particles. The configuration

of these virus-like particles is further stabilízed and enhanced by the presence of

additional viral proteins, most commonly the glycoprotein. The efficiency of

particle formatÍon is also enhanced by the addition of additional virus

components (Schmitt & Lamb, 2004).

To investigate if the CCHFV NP was capable of mediating particle release from

cells, supernatants of transfected cells were examined. Figure 22 (Section 3.7)

displays the detection of NP in supernatants 48 hours following transfection. To
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determine if the NP was present in a membrane - bound particle, sucrose

cushion purifications of clarified supernatants were performed and the Np was

present in the pelleted material (Figure 228). As seen in Figure 24, EM analysis

revealed the presence of particles that were made in the presence of the Np but

absent when empty vector alone was used to transfect cells. These virus-like

particles (VLPs) were fairly pleomorphic in shape and demonstrated a range in

size of 80-120nm diameter. These dimensions are consistent with the literature

for the morphology of authentic CCHFV virions (Donets et al., 1gT7, Korolev et

al., 1976). Unfortunately, immunogold labeling of said particles was unsuccessfut

despite numerous attempts with a variety of conditions for staining and/or

permeabilization of particles. lt is possible that the epitope recognized by the

peptide antibody directed against the NP is hidden in the configuration of VLps

formed. Protein folding could sequester this short 13 aa region that the antibody

recognizes. lnterestingly, the same antibody has proven very effective in

detection of the NP in intracellular immunofluorescence studies (Figures 20,21).

It is likely that the anti-NP antibody is detecting different forms of the Np within

the cellular cytoplasm - perhaps inclusion bodies of NP contain a different

conformational arrangement and the area targeted by the antibody is exposed

and available for recognition. Similarly, the antibody against the HA tag was also

unsuccessful, and considering it is a g amino acid motif, it too could be

sequestered away from interaction with the antibody. Collaborative efforts are

undenruay to determine the crystal structure of this protein which would ultímately

identify exposed regions that may be more usefur in detection.
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A considerable amount of time and effort was undertaken in reproducíng the

initial results demonstrating quite a robust production of VLps. Despite the

optimization and consístent detection of NP in sucrose cushion purified mate¡al

by immunoblot analysis, EM results provided more challenges to be overcome

with the lack of consistent quantity in particles detected by microscopy.

The first thought in addressing this difficulty was that the co-expression of the

viral glycoprotein could provide some enhanced stability and efficiency to the

VLP production. As mentioned earlier, significant difficulties were encountered

with the cloning attempts of CCHFV GP. While this was an ongoing endeavor, it

was postulated that perhaps a heterologous family member Gp could help to

enhance VLP formation, especially if the NP is the driving force behind assembly.

Recombinant Vaccinia viruses (W) expressing HTNV NP and Gp resulted in the

formation of VLPs (Betenbaugh et al., 1995) and it was thought that this

phenomenon was efficient only in the presence of the viral glycoprotein.

When the HTNV GP was co-expressed with the CCHFV Np, the Np could still

be detected in sucrose-cushion purified material and particles were detectable

(Figure 25), however the relative efficiency did not appear to be enhanced when

the GP was present as opposed to when the NP alone was mediating particle

release. This supported the belief that the NP was mediating assembly, but the

gold standard was the co-expression of the homologous CCHFV Gp. While

efforts to clone this protein continued, colleagues at the CDC in A¡anta were

gracious enough to extend an invitation to visit their facility and use the Gp clone

they had worked so hard to develop.
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The best results for expression of the CCHFV GP were seen with the pre-

infection of cells with Vaccinia-Virus driven T7 polymerase (W-T7). While this

provided adequate expression of GP (as determined by radioimmunolabelling of

GP by colleagues), there was the question of what effect the W may have on

VLP formation. lt was made clear that attempts to drive expression of the Gp

solely from the CMV promoter were inefficient (personal communication, MJ

Vincent, CDC). As such, in parallel with the W-T7 system optimized previously,

co-transfection of a plasmid providing the T7 polymerase in frans was carried out

to drive a higher level of GP expression. Figure 26 demonstrates that Np

detection following sucrose - cushion purification was superior in the system

consisting of plasmid-driven T7 polymerase to drive GP. While particles of these

samples could be detected (Figure 27), the efficiency was stitl not as high as had

been hoped. EM analysis of W-T7 system particles demonstrated odd

structures that were not present in the plasmid-driven T7 system and are

believed to be the result of W.

When the pCAGGS expressing CCHFV GP clone was in hand via subcloning

procedures, co-expression studies revealed that particles formed were, while

perhaps not more robust in quantity, consistent with morphology of authentic

virions (Figure 28). The lack of an antibody directed against the viral GP

prevented indisputable evidence, but micrographs of VLPs formed by both the

NP and GP demonstrated the presence of what are believed to be glycoprotein

spikes incorporated into the particles and decorating the peripheral surface.

Despite this occurrence, several lines of evidence are in place for the
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glycoprotein being expressed in these series of experiments (i.e. redistribution of

CCHFV NP to the Golgi and ER in the presence of the GP, spike formations on

the peripheral surface of VLP particles).

Other approaches were tested in an effort to increase the efficiency of VLp

production and detection. Knowing that the virus is relatively fragile and

freezelthaw cycles significantly reduce infectivity (A.Sanchez, personal

communication) it was thought that perhaps the sucrose cushion purification step

somehow compromised the structural integrity of the particles. While this step

was necessary for concentration of particles [as evidenced by immunoblot

comparison of NP detected in clarified supernatant material before and after

sucrose cushion purificationl, perhaps it was too harsh for maintaining VLp

structure. EM analysis of VLPs in clarified supernatants without the sucrose

cushion demonstrated particles of similar morphology to those detected through

pelleting (Section 3.8.3, Figure 33) although there were very few present on the

grids. Another consideration was that perhaps altering the concentration of

sucrose in the cushions could improve detection of VLPs in pelleted mate¡al.

Figure 35 illustrates that there was very little effect if any on the detection of Np

following sucrose purification over a range of sucrose concentrations from 5o/o to

20%' From the data, it is believed that although the NP mediates the assembly

and release of VLPs, but perhaps the release is inefficient. The intracellular EM

images (Figure 30) display what appears to be an abundance of particles and/or

inclusion bodies within cells transfected with the NP and Np/Gp. The block then

ís thought to take place in the release of particles from the cells, not in the
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synthesis stages. This may be related to some of the difficulties in propagating

virus in cell culture as well.

4.7 Characterization of VLps

Membrane association of NP in the VLPs was assessed in these studies using a

membrane-flotation assay. Clarified supernatants from transfected cells were

subjected to flotation in an OptiPrep/TNE density gradient. Figure 31 (Section

3.8.1) demonstrates that NP floats to the upper regions of the gradient indicating

a membrane-binding capacity of NP. When NP alone is mediating the VLp

formation, NP can be detected across several fractions of the gradient, however

this is focused into a single fraction when the GP is incorporated into the VLps.

These results indicate that the NP alone has membrane binding abilities, but this

process is stabilized by the presence of the viral Gp.

To assess the integrity of NP-formed particles, a proteinase K protection assay

was performed. Sucrose-cushion purified supernatants from transfected cells

were treated with proteinase K or with proteinase K and Triton X-100. Knowing

that Triton-X-1O0 disrupts lipid envelopes and woutd allow access of the

proteinase K to the NP for degradation, this sample served as a positive control.

It was expected that if NP were protected by a lipid envelope, it should be

resistant to proteolytic degradation in the absence of Triton-X-100, as is the case

for VLPs formed by matrix proteins of other viruses (arenaviruses, filoviruses for

example) (Eichler et al., 2004, Harty et al., 2ooo, strecker et al., 2003).

Therefore it was surprising to note the sensitivity of NP in VLps to proteinase K
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digestion (Section 3.8.2, Figure 32). While one could argue that this suggests

the NP is absent from VLPs, when sucrose-cushion purified authentic CCHFV

virions were assayed for NP sensitivity, they too demonstrate proteinase K

sensítivíty. These results further support the fragility of CCHFV and suggest the

exposure of NP - either on the surface of both VLPs and authentic virions or

perhaps an incomplete lipid membrane surrounding the formed particles.

Furthermore, these results indicate the characteristic similarity between VLps

formed by a subset of viral proteins and genuíne virus particles. This result is

novel in that there are no published results describing the sensitivity of Np

proteins in VLPs to proteinase K.

With these results, it was of curiosity to determine if VLPs formed by HTNV

behaved in a similar manner. Figure 35 (Section 3.9) confirms the sensitivity of

HTNV NP in VLPs to proteinase K digestion as well. This virus too is known for

its challenges in efficient propagation in cell culture and further supports the idea

that particle characteristics may indeed contribute to these difficulties.

Perhaps what can be concluded from these results is that while the CCHFV Np

is capable of mediating the formation and release of VLPs, it is not behaving in a

manner consistent with typical matrix proteins per se. While it is evident that it

provides a driving force in assembly of particles, the particles formed may not be

highly ordered structures nor as stable as those formed by characterized matrix

proteins such as the VP40 of Ebola. The results presented here indicate a role

for the NP of bunyaviruses in mediating assembly and release but Ít appears that

a complex interplay of the NP with host cellular factors is involved as suggested
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by the interaction with the actin cytoskeleton as well as the presence of Late

domain motifs within the amino acid sequence.

4.8 CCHFV NP Contains Three Late Domain Motifs

A number of viral matrix proteins that are key players in mediating virion

assembly and budding from infected cells contain so-called late domains which

are small, conserved motifs that have been shown to be important in the release

of vÍrus-like particles (Freed, 2002). Distinct classes of these domains include

PT/SAP, PPXY, and YXXL (wíth x representing any amino acid).

Rhabdoviruses, filoviruses, arenaviruses and retroviruses have all been shown to

contain proteins with late domain motifs and these motifs can be moved to

different locations within a protein or changed with other proteins without any

detectable loss of function (Eichler et ar., 2004, Harty et al., 2001, Harty et al.,

2000, Jasenosky & Kawaoka,2004, Jasenosky et al., 2001, Neumann et al.,

2005). The Gag proteins of several retroviruses (i.e. Hlv-1, Hlv-2, Rous

sarcoma virus) contain PT/SAP or PPXY motifs, and YXXL has been described

in the Gag protein of equíne infectious anemia virus and the gp30 protein of

bovine leukemia virus (Harty et al., 2001, Heidecker et al., ZOO4, Martin-Serrano

et al', 2004). More recently, closely spaced PPXY and PT/SAp motifs have been

identified for several viruses (i.e. matrix proteins of arenaviruses, filoviruses,

rhabdoviruses). lt is believed that viruses contaíning these late domain (l) motifs

exploit cellular endosomal protein-sorting and ubiquitination pathways during

infection to promote their release from cells via the interaction of these I domains
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with cellular components. While details of the exact mechanisms behind this

exploitation are unclear, some interactions between endosomal sorting

complexes required for transport (ESCRT) and peptide motifs are becoming

more evident (Heidecker et al., 2004, Longnecker et al., 2000, Martin-Serrano et

a1.,2004, Schmitt & Lamb, 2004). For example, PPXY interacts with the Nedd4-

like E3 ubiquitin ligases and PT/SAP interacts with Tsg101 (tumor susceptibility

gene 101), both of which are components of the pathways involved in vesicle

formation and transport pathways. YXXL and LXXLF recruit factors such as a

class E vacuolar protein sorting protein AlPl which is known to interact with a

component of the ESCRT complex. Viruses containing the ÐüL motifs may

also take advantage of them in gaining entry into cells since this motif recognizes

a component of cathrin-coated pits responsible for endocytosis - clathrin adaptor

complex type 2 (AP2).

Examination of the CCHFV NP protein sequence revealed the presence of 3 late

domain motifs that have been described for other proteins. Figure 37 illustrates

the locatÍon of these motifs within the 482 amino acid (aa) protein. Two motifs

are of the YxxL designation, being YTEL and YYWL at aa 110-113 and 311-314

respectively. The third motif is of the LxxLF designation, being LYELF at aa 359-

363 within the 482 aa protein. Although other sequences identified at late

domain motifs (i.e. PTAP, PPXY, FVIL) were looked for, only the three described

above were present for CCHFV NP.
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Figure 37. Schematic representation of the late domain motifs found in the CCHFV NP. Three
motifs were found, two of the YXXL motif, one of the LXXLF. The first motif YTEL is found at amino acids 110 -
113, the second, Y[/VL at amino acids 311 - 314 and the third motif LYELF is at amino acids 359 - 363 of the
482 amino acid protein

110

(Figure 37)
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It has been suggested that certain motifs such as PPXY are more important for

efficient particle formation (Heidecker et al., 2004, Neumann et al., 2005, Schmiü

et al., 2005). lnterestingly, this data seems true for different viruses (i.e. HTLV-1

and Ebola) which contain different I domain motifs and interactions with different

components of the protein sorting pathways. The presence of more than one

motif of the same class, as with the ÐüL motifs in CCHFV NP may reflect a

redundancy in a single pathway interaction. Mutations of motifs can have an

effect on the efficiency of VLP release from cells such as the case for mutation of

the PPXY motif of ZEBOV VP40 (Harty et al., 2000), however more recent data

describes the same mutation within the context of whole virus and the release of

viruses from infected cells is comparable with that seen with wild type vírus

(Neumann et al., 2005). Perhaps the motifs are mediating processes other than

budding in the course of the virus life cycle; incorporation of the viral genome for

example. The presence alone of these motifs is not necessarily sufficient for

function - it is possible that conformationally the sequence isn't available for

mediating release or the sequence could simply be non-functional. lt will be

interesting to see in the future what contribution if any these motifs make to the

assembly and release of VLPs for CCHFV.

4.9 Summary

There has been a tremendous increase in information about CCHFV in recent

years, híghlightíng its significance as a human pathogen in increasing numbers of

locales around the world. Combined with this ís the fact that it is considered to
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be a potential agent for use in a bioterrorist attack. Advances in science and the

construction of more biocontainment facilities will continue to allow scientists to

undertake experiments to answer questions about the molecular basis of known

and newly-emerging pathogens.

This study provides significant insight into molecular details of CCHFV infections.

Systematic evaluation of growth kinetics in different cell lines identified the SW13

cell line as the best candidate for propagation of CCHFV with the best evidence

for this being the release of the NP to supernatants of infected cells over time.

The NP of CCHFV has been shown by the author for the first time to take on the

role of a matrix - protein equivalent in mediating particle assembly and release

from cells. These virus-like particles are believed to contain the NP in a

membrane-associated form as demonstrated by flotation gradient analysis.

Furthermore, it is believed that the NP is mediating the process based on the fact

that empty vector transfected cells lacked any structures that resembled the

VLPs seen in the NP-transfected samples. This function was stabilized by the co-

expression of the viral glycoproteins. Localization of NP within cells was

cytoplasmic in nature, however, in the presence of the GP, NP is redistributed

and can be detected in association with membranes of both the ER and Golgi

apparatus, much in the same way it is localized during viral infection. The

particles formed and released by the CCHFV NP (both on its own and with the

GP) share similar characteristics with authentic virions as demonstrated by

sensitivity to proteinase K digestion. The relative inabundance and sensitíve

nature of the VLPs produced are features consistent wíth those of virus particles
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and may be related to difficulties in propagating the virus in cell culture and

fragility of virions. These features are shared by another member of the

Bunyaviridae family, Hantaan virus, which in this study is also shown to mediate

VLP production by the NP alone and that the NP in VLPs released from cells is

also sensitive to proteolytic degradation (Figure 34).

The identification of late domain motifs within the protein sequence of Np

suggests the mechanism for driving particle release via interaction with

intracellular protein sorting pathways. Figure 38 illustrates a proposed model for

the mechanism of CCHFV budding directed by the Np.
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4.10 Future Studies

As is often the case with experimental investigations, significant questions are

raised during the course of addressing the initial hypothesis and this study is no

exception. One of the most interesting findings from this body of work is the

realization that the NP of CCHFV is capabte of driving particle assembly and

release independent of other viral proteins. This function is stabílized by the co-

expression of the viral GP. These features alone raise intriguing questions to be

addressed. Mutagenesis studies of the late domain motífs within the Np

sequence are underway. lt will be interesting to determine what contribution they

make to the particle release from celts. Another interesting avenue to pursue

would be to not simply mutate the domains and look for abolition of VLp release,

but to mutate the motif to one associated with robust VLP release (i.e. ppxy)

and evaluate if there is an increase in the efficiency of VLP production. Should

there be any effect seen with the mutagenesis studies, the ultimate test will then

be in the context of a mutant virus to determine íf the domains have an effect with

viral replication and release during infection. Perhaps in the not-to-distant future

following in the footsteps of the minigenome system (Flick et al., 2003), an

infectious clone system will be achieved for CCHFV and examination of this

possibility can be a reality.

Other studies that would be of ínterest would be to demonstrate and characterize

an interaction between the NP and GP; mapping the regions that are responsible

for the interactions.
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ln collaboration with Dr. B.L. Mark in the Department of Microbiology at the

University of Manitoba, efforts are undenruay to determine the crystal structure of

the NP' This will provide significant insight into understanding the structure of

the protein and accessibility of certain regions/motífs that are exposed. For

example, in furthering the role for NP as a matrix protein-like equivalent, RNA

binding capabilities could be determined. Crystal structure determinations would

provide insight into this by identifying residues and folding patterns that have

been described in the literature to be strongly associated with RNA binding.

Further work could also focus in on the docking sites under the plasma

membrane prior to the release of VLPs. Examination of the contríbution of lipid

raft microdomains might further our understanding of CCHFV virion assembly

and release.

ln addition to deepening our understanding of mechanistic detaíls about this

virus, should methods of increasing the efficiency of VLP production be effective

in the future, this provides an attractive possibility for both diagnostic procedures

as well as vaccine development for use in areas wíth frequent CCHF outbreaks.

The goals of science are many fold, from determining key information about

pathways and mechanisms poorly understood to the development of novel

prophylactic and/or therapeutic modalities for infections. This project has

provided contributions to several of these areas and identified new and exciting

directíons to follow in future work.

156



References

5.0 References

Ahlquist, P. (2006). Parallels among positive-strand RNA viruses, reverse-
transcribing viruses and double-stranded RNA viruses. Naf Rev Microbiol
4,371-82.

Ahmed, A. 4., McFalls, J. M., Hoffmann, C., Filone, C. M., Stewart, S. M.,
Paragas, J., Khodjaev, S., Shermukhamedova, D., Schmaljohn, C. S.,
Dorns, R. W. & Bertolotti-Ciarlet, A. (2005). Presence of broadly reactive
and group-specific neutralizing epitopes on newly described isolates of
Crimean-Congo hemorrhagic fever virus. J Gen Virol86,3327-36.

Alavi-Naini, R., Moghtaderi, 4., Koohpayeh, H. R., Sharifi-Mood, 8., Naderi, M.,
Metanat, M. & lzadi, M. (2006). Crimean-Congo hemorrhagic fever in
Southeast of lran. J lnfect 52, 378-82.

Andersson, 1., Bladh, L-, Mousavi-Jazi, M-, Magnusson, K. E., Lundkvist, 4.,
Haller, O. & Mirazimi, A. (200aQ. Human MxA protein inhibits the
replication of Crimean-Congo hemorrhagic fever virus. J Virol78, 4323-9.

Andersson, 1., Lundkvist, A., Haller, O. & Mirazimi, A. (2006). Type I interferon
inhibits Crimean-Congo hemorrhagic fever virus in human target cells. J
Med Virol78,216-22.

Andersson, 1., Simof,, M., Lundkvist,4., Nilssof,, M., Holmstrom,4., Elgh, F. &
Mirazimi, A. (2004b). Role of actin filaments ín targeting of Crimean Congo
hemorrhagic fever virus nucleocapsid protein to perinuclear regions of
mammalian cells. J Med Virol72,83-93.

Aul, R. a. O., RJ (2002). The major subacrosomal occupant of bull spermatozoa
is a novel histone H2B variant associated with the forming acrosome
d uring spermiogenesis. Developmental Biology 242, 37 6-g8T .

Betenbaugh, M., Yu, M., Kuehl, K., White, J., Pennock, D_, Spik, K. &
Schmaljohn, C. (1995). Nucleocapsid- and virus-like particles assemble in
cells infected with recombinant baculoviruses or vaccinia viruses
expressing the M and the S segments of Hantaan virus. Virus Res 38,
111-24.

Bishop, D. H. L. (1996). Biology and Molecular Biology of Bunyaviruses. ln The
Bunyaviridae, pp. 19 - 53. Ed¡ted by R. M. Elliott. New york: plenum
Press.

Boisgerault, F., Moron, G. & Leclerc, c. (2002). virus-like particles: a new family
of delivery systems. Expert Rev Vaccines 1, 101-9.

157



References

Borio, L., lnglesbv, T., Peters, C. J., Schmaljohn, A. L., Hughes, J. M., Jahrling,
P. 8., Ksiazek, T., Johnson, K. M., Meyerhoff, 4., O'Toole, T., Ascher, M.
S., Bartlett, J., Breman, J. G., Eitzen, E. M., Jr., Hamburg, M., Hauer, J.,
Henderson, D. A., Johnson, R. T., Kwik, G., Laytoñ, M., Lillibridge, S.,
Nabel, G. J., Osterholm, M. T., Perl, T. M., Russell, P. & Tonat, R. (2002).
Hemorrhagic fever viruses as biological weapons: medical and public
health managem ent. J am a 287, 2391-405.

Burt, F. J., Leman, P.,A., Abbott, J. C. & Swanepoel, R. (1994). Serodiagnosis of
Crimean-Gongo haemorrhagic fever. Epíde m iol I nfect 1 1 3, 551 -62.

Burt, F. J., Leman, P. 4., Smith, J. F. & Swanepoel, R. (1gg8). The use of a
reverse transcription-polymerase chain reaction for the detection of viral
nucleic acid in the diagnosis of Crinean-Congo haemorrhagic fever. J
Vírol Methods 70, 129-37.

Burt, F. J. & Swanepoel, R. (2005). Molecular epidemiology of African and Asian
Crimean-Congo haemorrhagic fever isolates. Epidemiol tnfect 133, 659-
oo.

Burt, F. J., swanepoel, R. & Braack, L. E. (1993). Enzyme-linked immunosorbent
assays for the detection of antibody to Crimean-Congo haemorrhagic
fever virus in the sera of livestock and wild vertebrates. Epidemiol lnfect
111, 547-57.

Galisher, C. H. (1996). History, Classification, and Taxonomy of Viruses in the
Family Bunyaviridae. ln The Bunyaviridae, pp. I - 1s. Ed¡ted by R. M.
Elliott. New York: Plenum Press.

Callahan, J. D., Wu, S. J., Dion-Schultz,4., Mangold, B. E., perusk¡, L. F., Watts,
D. M., Porter, K. R., Murphy, G. R., Suharyono, W., King, C. C., Hayes, C.
G. & Temenak, J. J. (2001). Development and evaluation of serotype- and
group-specilTc fluorogenic reverse transcriptase PCR (TaqMan) assays for
dengue virus. J Clin Microbiol39, 4119-24.

Casals, J. (1969). Antigenic similarity between the virus causing Crimean
hemonhagic fever and congo virus. Proc soc Exp Bior Med 111, 2gs-6.

Chamberlain, J., Cook, N., Lloyd, G., Mioulet, V., Tolley, H. & Hewson, R. (2005).
Co-evolutionary patterns of variation in small and large RNA segments of
crimean-congo hemorrhagic fever virus. J Gen virol86, isgr41.

Charrel, R. N., Attoui, H., Butenko, A. M-, Clegg, J. C., Deubel, V., Frolova, T. V.,
Gould, E. A., Gritsun, T. S., Heinz, F. X., Labuda, M., Lashkevich, V. A.,
Loktev, V., Lundkvist, A., Lvov, D. V., Mandl, C. W., Niedrig, M., papa, A.,
Petrov, V. S., Plyusnin, A., Randolph, S., Suss, J., Zlobtn, V. l. & de

1s8



References

Lamballerie, X. (2004). Tick-borne virus diseases of human interest in
Europe. Clin Microbiol Infect 10, 1040-55.

Chevalier, V., de la Rocque, S., Baldet, T., Vial, L. & Roger, F. (2004).
Epidemiological processes involved in the emergence of vector-borne
diseases: West Nile fever, R¡ft Valley fever, Japanese encephalitis and
Crimean-Congo haemorrhagic fever. Rev Sci Tech 23,535-55.

chumakov, M. P., smirnova, s. E. & Tkachenko, E. A. (1970). Relationship
between strains of Crimean haemorrhagic fever and Congo viruses. Acfa
Virol14,82-5.

Coppolino, M. G. & Dedhar, S. (1998). Calreticulin. Int J Biochem Cett Biot 30,
553-8.

Darwish, M. 4., lmam, l.2., Omar, F. M. & Hoogstraal, H. (1978). Resutts of a
preliminary seroepidemiological survey for Crimean-Congo hemorrhagic
fever virus in Egypt. Acta Virol22,77.

Desmyter, J., Melnick, J. L. & Rawls, W. E. (1968). Defect¡veness of interferon
production and of rubella virus interference in a line of African green
monkey kidney cells (Vero). J Virol2, 955-01.

Donets, M. 4., Chumakov, M. P., Korolev, M. B. & Rubin, S. G. (1977).
Physicochemical characteristics, morphology and morphogenesis of
virions of the causative agent of Crimean hemorrhagic fever. tnteruirology
g,294-309.

Drosten, C., Gottig, S., Schilling, S., Asper, M., panning, M., Schmitz, H. &
Gunther, S. (2002). Rapid detection and quantification of RNA of Ebola
and Marburg viruses, Lassa virus, Crimean-Congo hemorrhagic fever
virus, Rift Valley fever virus, dengue virus, and yellow fever virus by reat-
time reverse transcription-PCR. J Clin Microbiol40, ZgZg-gO.

Drosten, G., Kummerer, B. M., schmitz, H. & Gunther, s. (2003). Molecular
diagnostics of viral hemorrhagic fevers. AntiviralRes 57, 61-97.

Dunster, L., Dunster, M., Ofula, V-, Beti, D., Kazooba-Voskamp, F., Burt, F.,
swanepoel, R. & Decock, K. M. (2002). First documentation of human
crimean-congo hemorrhagic fever, Kenya. Emerg tnfect Drb g, 1005-6.

Eichler, R., Lenz, O., Strecker, T., Eickmann, M., Klenk, H. D. & Garten, W.
(2003a). ldentilïcation of Lassa virus glycoprotein signal peptide as a
trans-acting maturation factor. EMBO Rep 4,1084-8.

159



References

Eichler, R., Lenz, O., Strecker, T., Eickmann, M., Klenk, H' D' & Garten, W'

iZOOq^). Lassa virus glycoprotein signal peptide displays a_novel.topology

with an extended endóþlasmic reticulum luminal region. J Biol Chem 279,

12293-9.

Eichler, R., Lenz, O., Strecker, T. & Garten, W. (2003b). Signal peptiqg of Lassa

virus glycoprotein GP-C exhibits an unusual length. FEBS Lett 538,203-6.

Eichler, R., streckef, T., Kolesnikova, L., ter Meulen, J., weissenhom, w.,
âecker, S., Klenk, H. D., Garten, W. & Lenz, O. (2004b). Characterization

of the Lassa virus matrix protein Z: eleúon microscopic study of virus-like
particles and interaction with the nucleoprotein (NP). Virus Res 100, 249-

55.

Eltiott, R. M., Bouloy, M., Catisher, C.H., Goldbach, R-, Moyer, J-T., Nichol, S'T',
Petterssor, R., Plyusnin, A., Schmaljohn, C.S. (2000). Family

Bunyaviridae. In Virus Taxonomy. Seventh Repoñ lntemational
Commiftee for the Taxonomy of Viruses., pp. 599 - 621. Edited by M. H. V'
van Regenmortel, Fauquet, C.M., Bishop, D.H.L-, Carstens, E.B-, Estes,

M.K., Lémon, S., Maniloff, J., Mayo, M.4., McGeogch, D-, Pringle, C'R',
Wickner, R.B. San Diego, CA: Academic Press.

Elliott, R. M., Schmaljohn, C. S. & Collett, M. S. (1991). Bunyaviridae genome

structure and gene expressio n. Cun Top Microbiol Immunol 169, 91-141 .

Ergonul, O., Zeller, H., Celikbas, A. & Dokuzoguz, B. (2006). The lack of
Crimean-Congo hemorrhagic fever virus antibodies in healthcare workers
in an endemic region. lnt J lnfect Dis.

Fisher-Hoch, S. P., Khan, J. A., Rehman, S', Mirza, S., Khurshid, M' &

Mcgormick, J. B. (1995). Crimean Congo-haemorrhagic fever treated with
oral ribavinn. Lancet 346, 472-5.

Fisher-Hoch, S. P., McCormick, J. 8., Swanepoel, R., Van Middlekoop, 4.,
Harvey, S. & Kustner, H. G. (1992). Risk of human infections with
Crimean-Congo hennrrhagic fever virus in a South African rural
community. Am J Trop Med Hyg 47 ,33745.

Flick, R., Flick, K., Feldmann, H. & Elgh, F. (2003). Reverse genetics for
crimean-congo hemorrhagic fever virus. J Virol77, 5997-6006.

Frangoulidis, D. & Meyer, H. (2005). Measures undert¡aken in the German Armed
Forces Field Hospital deployed in Kosovo to contain a potential outbreak
of Grimean-Congo hemorrhagic fever. Mil Med 170, 366-9'

Freed, E. O. (2002). Viral late domains. J Virol76,4679-87.

160



References

Garcia, S., Chinikar, S., Coudrier, D., Billecocq, A., Hooshmand, 8., Crance, J.
M., Garin, D. & Bouloy, M. (2000). Evaluation of a crimean-congo
hemorrhagic fever virus recombinant antigen expressed by Semliki Forest
suicide virus for lgM and lgG antibody detection in human and animal sera
collected in lran. J Clin Virol35, 154-9.

Garcia, S., Crance, J. M., Billecocq,4., Peinnequin, 4., Jouan, A., Bouloy, M. &
Garin, D. (2001). Quantitative real-time PCR detection of Rift Valley fever
virus and its application to evaluation of antiviral compounds. J Ctin
Microbiol39,4456-61.

Geisbert, T. W., Hensley, L. E., G¡bb, T. R., Steele, K. E., Jaax, N. K. & Jahrling,
L B. (2000). Apoptosis induced in vitro and in vivo during infection by
Ebola and Marburg viruses. Lab lnvest80, 171-96

Geisbert, T. W., Hensley, L. E., Larsen, T., young, H.A., Reed, D. S., Geisbert,
J. 8., Scott, D. P., Kagan, E., Jahrling, p. B. & Davis, K. J. (2003a).
Pathogenesis of Ebola hemorrhagic fever in cynomolgus macaques:
evidence that dendritic cells are early and sustained targets of infection.
Am J Pathol 163, 2347-70.

Geisbert, T. W. & Jahrlíng, P. B. (2004)- Exotic emerging viral diseases: progress
and challenges. Nat Med 10, Si 10-21

Geisbert, T. W., Young, H.4., Jahrling, p. 8., Davis, K. J., Kagan, E. & Henstey,
L. E. (2003b). Mechanisms underlying coagulation abnormalities in eboia
hemorrhagic fever: overexpression of tissue factor in primate
monocytes/macrophages is a key event. J lnfect Dís 1gg, 1619-29.

Geisbert, T. W., Young, H.4., Jahrling, P. 8., Davis, K. J., Larsen, T., Kagan, E.
& Hensley, L. E. (2003c). Pathogenesis of Ebola hemorrhagic fever in
primate models: evidence that hemorrhage is not a direct effeA of virus-
induced cytolysis of endothelial cells. Am J pathot i6g,2gr1-92.

Gonzalez, J. P., Josse, R., Johnson, E. D., Merlin, M., Georges, A. J., Abandja,
J., Danyod, M., Delaporte, E., Dupont, 4., Ghogomu, A. & et al. (lggg).
Antibody prevalence against haemorrhagic fever viruses in randomized
representative central African populations. Res vírol 1 40, 3 1 g-31 .

Gonzalez, J. P., LeGuenno, 8., Guillaud, M. & wirson, M. L. (1990). Afatal case
of Crimean-Congo haemorrhagic fever in Mauritania: virological and
serological evidence suggesting epidemic transmission. Trans fisoc Trop
Med Hyg 84, 573-6.

t6t



References

Haferkamp, S., Fernando, L., SchwaÍ¿,T. F., Feldmann, H. & Flick, R. (2005).
lntracellular localization of Crimean-Congo Hemorrhagic Fever (CCHF)
virus glycoproteins. Virol J 2,42.

Haller, O. & Kochs, G- (2002). lnterferon-induced mx proteins: dynaminJike
GTPases with antiviral activity. Traffic 3,710-7 .

Hartlieb, B. & Weissenhorn, W. (2006). Filovirus assembly and budding. Virology
344,64-70.

Harty, R. N-, Brown, M. E., Hayes, F. P., Wright, N. T. & Schnell, M. J. (2001a).
Vaccínia virus-free recovery of vesicular stomatitis virus. J Mot Mícrobiot
Biotechnol 3, 513-7.

Harty, R. N., Brown, M. E., McGettigan, J_ P., Wang, G., Jayakar, H. R.,
Huibregtse, J. M., Wh¡tt, M. A. & Schnell, M. J. (200f b). Rhabdoviruses
and the cellular ubiquitin-proteasome system: a budding interaction. J
Virol75, 10623-9.

Harty, R. N., Brown, M. E., Wang, G., Huibregtse, J. & Hayes, F. p. (2000).A
PPxY motif within the VP40 protein of Ebola virus interacts physically and
functionally with a ubiquitin ligase: implications for fitovirus budding. Proc
Natl Acad Sci U S A 97, 13871-6.

Heidecker, G., Lloyd, P. 4., Fox, K., Nagashima, K, & Derse, D. (2004). Late
assembly motifs of human T-cell leukemia virus type 1 and their relative
roles in particle release. J Virol78, 603048.

Hensley, L. 8., Young, H. 4., Jahrling, P, B. & Geisbert, T. W. (2002).
Proinflammatory response during Ebola virus infeclion of primate modets:
possible involvement of the tumor necrosis factor receptor superfamily.
Immunol Lett 80, 169-79.

Hewson, R., Chamberlain, J., Mioulet, V., Lloyd, G., Jamil, 8., Hasan, R., Gmyl,
4., Gmyl, L., Smirnova, S. E., Lukashev, A., Karganova, G. & Clegg, C.
(2004a). Crimean-Congo haemorrhagic fever virus: sequence analysis of
the small RNA segments from a collection of viruses world wide- Virus
Res 102, 185-9.

Hewson, R., Gmyl, A., Gmyl, L., Smirnova, S. 8., Karganova, G., Jamil, 8.,
Hasan, R., chamberlain, J. & clegg, c. (2004b). Evidence of segment
reassortment ín Crimean-Congo haemorrhagic fever virus. J Gen Virol85,
3059-70.

Hong, W. & Tang, B. L. (1993). Protein trafficking along the exocytotic pathway.
Brbessays 15, 231-8.

162



References

Honig, J. E-, Osbome, J. C. & Nichol, S. T. (2004a). Crimean-Congo
hemorrhagic fever virus genome L RNA segment and encoded protein.
Virology 321,29-35.

Honig, J. E., Osborne, J. C. & Nichol, S. T. (2004b). The high genetic variation of
viruses of the genus Nairovirus reflects the diversity of their predominant
tick hosts. Virology 318, 10-6.

Hoogstraa¡, H. (1979). The epidemiology of tick-borne Crirnean-Congo
hemorrhagic fever in Asia, Europe, and Africa. J Med Entomol 15, 307-
417.

Jasenosky, L. D. & Kawaoka, Y. (2004). Filovirus budding. Virus Res 106, 181-8.

Jasenosky, L. D., Neumann, G., Lukashevich, l. & Kawaoka, Y.
virus VP4O-induced particle formation and association
bilayer. J Virol 75, 5205-14.

Jaureguiberry, S., Tattevin, P., Tarantola, 4., Legay, F., Tall, 4., Nabeth, P.,
Zeller, H. & Michelet, C. (2005). lmported Crimean-Congo hemorrhagic
Fever. J Clin Mícrobío|43,4905-7.

Johnson, J. E. & Chiu, W. (2000). Structures of virus and virus-like particles. Gurr
Opin Struct Bíol 10, 229-35.

Karti, S. S., Odabasi, 2., Korten, V., Yilmaz, M., Sonmez, M., Caylan, R.,
Akdogan, E., Eren, N., Koksal, 1., Ovali, E., Erickson, B. R., Vincent, M. J.,
Nichol, S. T., Comer, J.4., Rollin, P. E. & Ksiazek, T. G. (2004). Crimean-
Congo hemorrhagic fever in Turkey. Emerg Infect Dr.s 10, 1379-U.

Kaul, H. N., Shetty, P. S., Ghalsasi, G. R. & Dhanda, V. (1990). Survey of ticks
(Acarina: lxodidae) for Crimean haernorrhagic fever virus activity in
Jammu & Kashmir state, lndia. lndian J Med Res 91, 5-8.

Kinsella, E., Martin, S. G., Grolla, A., Czub, M., Feldmann, H. & Flick, R. (2004).
Sequence determination of the Crimean-Gongo hemorrhagic fever virus L
segment. Virology 321, 23-8.

Kochs, G., Janzef,, C., Hohenberg, H, & Haller, O. (2002'). Antivirally active MxA
protein sequesters La Crosse virus nucleocapsid protein into perinuclear
complexes. Proc Natl Acad Sci U S A 99, 3153-8.

Kolesnikova, L., Bugany, H., Klenk, H. D. & Becker, S. (2002). VP4O, the matrix
protein of Marburg virus, is associated with membranes of the late
endosomal compartment. J Virol 76, 1825-38.

(2001). Ebola
with the lipid

163



References

Korolev, M. 8., Donets, M. A., Rubin, S. G. & Chumakov, M. p. (1926).
Morphology and morphogenesis of Crimean hemorrhagic fever virus. Arch
Virol50,169-72.

Lenz, O., ter Meulen, J., Klenk, H. D., Seidah, N. G. & Garten, W. (2001). The
Lassa virus glycoproteín precursor GP-C is proteolytically processed by
subtilase SKI-1/S1P. Proc NatlAcad Sci U SA 98, 12701-5.

Licata, J. M., Johnson, R. F., Han, z. & Harty, R. N. e}aq. contribution of ebota
virus glycoprotein, nucleoprotein, and VP24 to budding of VP40 virusJike
particles. J Virol 78, 734-51.

Linstedt, A. D- & Hauri, H. P. (1993). Giantin, a novet conserved Golgi rnembrane
protein containing a cytoplasmic domaín of at least 350 kDa. Mot Bíot Cett
4,679-93.

Longnecker, R., Merchant, M., Brown, M. E., Fruehling, s., Bickford, J. o-, lkeda,
$. & Harty, R. N. (2000). t /VV- and SH3-domain ínteractions with Epstein-
Barr virus LMP2A. Exp CellRes 252, 39240.

Lukashev, A. N. (2005). Evidence for recombination in Crimean-Congo
hemorrhagic fever virus. J Gen Virol86, Zg3,g-1.

Mardani, M., Jahrom¡, M. K., Naieni, K. H. & Zeinari, M. (2003). The efftcacy of
oral ribavirin in the treatment of crimean-congo hemorrhagic fever in lran.
Clín lnfect Dis 36, 1613-8.

Marriott, A. C., Nuttall P.A. (1996). Molecular Biology of Nairoviruses. ln The
Bunyaviridae, pp. 91 - 102. Edited by R. M. Eiliott. New york: ptenum
Press.

Martin, M. L., Lindsey-Regnery, H., Sasso, D. R., McCormick, J. B. & palmer, E.
(f 985). Distinction between Bunyaviridae genera by surface structure and
comparison with Hantaan virus using negative stain electron microscopy.
Arch Vírol86, 17-28.

Martin-Serrano, J., Perez-caballero, D. & Bieniasz, p. D. (zoo4). context-
dependent effects of L domains and ubiquitination on viral budding. J Virot
79,555+63.

Meissner, J. D., seregin, s. s., seregin, s. v., Vyshemirsk¡¡, o. r., samokhvalov,
E. 1., Lvov, D. K., Netesov, s. v. & petrov, v. s. (2006a). A variable region
in the Crin¡ean-Congo hemorrhagic fever virus L segment dístinguishes
between strains isolated from different geographic regions. J Med Úirol78,
223-8.

t64



References

Meissner, J. D., Seregin, S. S., Seregin, S. V., Yakimenko, N.V., Vyshemirskii,
O. 1., Netesov, S. V. & Petrov, V. S. (2006b). Complete L segment coding-
region sequences of Crimean Congo hemorrhagic fever virus strains ftom
the Russian Federation and Tajikistan. Arch Viroll Sl, 465-75.

Mukaigawa, J. & Nayak, D. P. (1991). Two signals mediate nuclear localization of
influenza virus (AftVSN/33) polymerase basic protein 2. J Virol65,245-53.

Nabeth, P., Gheikh, D. O., Lo, 8., Faye, O., Vall, I. O., Niang, M., Waguê, 8.,
Diop, D., Diallo, M., Diallo, 8., Diop, O. M. & Simon, F. (2004a). Crimean-
Congo hemorrhagic fever, Mauritania. Emerg Infect Dis 10,2143-9.

Nabeth, P., Thior, M., Faye, O. & Simon, F. (2004b). Human Crimean-Congo
hemorrhagic fever, Senegal. Emerg Infect Dr.s 10, 1881-2.

Neumann, G., Eb¡haÍa, H., Takada, 4., Noda, T., Kobasâ, D., Jasenosky, L. D.,
Watanabe, S., Kim, J. H., Feldmann, H. & Kawaoka, Y. (2005). Ebola
virus VP40 late domains are not essential for viral replication in cell
culture. J Virol79, 10300-7.

Nichol, S. T. (2001). Bunyaviruses. ln Fields Vírology, pp. 1604 - 1626. Edited by
D. M. Knipe, Howley, P.M. Philadelphia: LippincottWilliams &Wilkins.

Niwa, H., Yamamura, K. & Miyazaki, J. (1991). Efficient selection for high-
expression transfectants with a novel eukaryotic vector. Gene 108, 193-9.

Ozkurt, 2., Kiki, 1., Erol, S., Erdem, F., YilmaZ, N-, Parlak, M., Gundogdu, M. &
Tasyaran, M. A. (2006). Crirnean-Congo hemorrhagic fever in Eastem
Turkey: clinical features, risk factors and efficacy of ribavirin therapy. J
lnfect 52,207-15.

Raiborg, C., Rusten, T. E. & Stenmark, H. (2003). Protein sorting into
multivesicular endosotres. Cun Opin Cell Biol 15,44&55.

Ravkov, E. V. & Compans, R. W. (2001). Hantavirus nucleocapsid protein is
expressed as a membrane-associated protein in the perinuclear region. J
Virol75, 1808-15-

Saijo, M., Tang, Q., Shimay¡,8., Han, L., Zhang, Y., Asigumâ, M., Tianshu, D.,
Maeda, 4., Kurane, l. & Morikawa, S. (2004). Possible horizontal
transmission of crimean-congo hemonhagic Fever vírus from a mother to
her child. Jpn J lnfect Dis 57, 55-7.

Saijo, M., Tang, Q., Shimay¡, 8., Han, L., Zhang, Y., Asigumâ, M., Tianshu, D.,
Maeda,4., Kurane, l. & Morikawa, S. (2005a). Antigen-capture enzyme-
linked immunosorbent assay for the diagnosis of crimean-congo

165



References

hemorrhagic fever using a novel monoclonal antibody. J Med Virol77,83-
L

Saijo, M., Tang, Q., Shimay¡, 8., Han, L., Zhang, Y., Asigumâ, M', Tianshu, D.,

Maeda, 4., Kurane, l. & Morikawa, S. (2005b). Recombinant
nucleoprotein-based serological diagnosis of Crimean-Congo hemorrhagic
fever virus infections. J Med Virol75,295-9.

Sanchez, A. J., Vincent, M. J., Erickson, B. R. & Nichol, S. T. (2006). Crimean-
congo hemorrhagic fever virus glycoprotein precursor is cleaved by Furin-
like and SKI-1 proteases to generate a novel 38-kilodalton glycoprotein. J
Víro|80,514-25.

Sanchez, A. J., Vincent, M. J. & Nichol, S. T. (2002). Characterization of the
glycoproteins of Crimean-Congo hemorrhagic fever virus. J Virol76,7263-
75.

Sanger, F., Nicklen, S. & Coulson, A. R. (1977). DNA sequencing with chain-
terminating inhibitors. Proc Natl Acad Sci U S A74, 5463-7.

Schmaljohn, C. a. H-, J.W. (2001). Bunyavirídae: The Mruses and Their
Replication. ln Fíelds Vírology,4th edn, pp. 1581 - 1597. Edited by D. M.
Knipe, Howley, P.M. Philadelphia: Lippincott \Mlliams & Wilkins.

Schmitt, A. P. & Lamb, R. A. (2004). Escaping from the cell: assembly and
budding of negative.strand RNA viruses. CunTop Microbíol lmmunol283,
145-96.

Schmitt, A. P. & Lamb, R. A. (2005). lnfluenza virus assembly and budding at the
viral budozone. Adv Virus Res 64, 383-416.

Schmitt, A. P., Leser, G. P., Morita, E., Sundquist, W. l. & Lamb, R. A. (2005).
Evidence for a new viral latedomain core sequence, FPIV, necessary for
budding of a paramyxovírus. J Víro|79,2988-97.

Schnittler, H. J. & Feldmann, H. (2003). Viral hemorrhagic fever--a vascular
disease? Th romb Haemost 89, 967 -72.

Shanmugaffi, J., Smirnova, S. E. & Chumakov, M. P. (1976). Presence of
antibody to arboviruses of the Crimean Haemorrhagic Fever-Congo (CHF-
Congo) group in human beings and domestic animals in lndia. lndian J
Med Res 64, 1403-13.

Shepherd, A. J., Swanepoel, R. & G¡ll, D. E. (1988). Evaluation of enryne-linked
immunosorbent assay and reversed passive hemagglutination for

166



Refe¡ences

detection of Crimean-Congo hemorrhagic fever virus antigen. J Ctin
Microbío|26, U7-53.

shepherd, A. J., swanepoel, R. & Leman, p. A. (1g8g). Antibody response in
crimean-congo hemorrhagic fever. Rev lnfect Dis ll suppl 4, sgol-6.

Shepherd, A. J., Swanepoel, R., Leman, p. A. & Shepherd, S_ p. (19g6).
Comparison of methods for isolation and titration of Crimean-'Cong-o
hemorrhagic fever virus. J Clin Microbiot24,654-6-

shepherd, A. J., swanepoel, R., Leman, p. A. & shepherd, s- p. (1gg7). Field
and laboratory investigation of Crimean-Congo haemorrhagic fever virus
(Nairovirus, family Bunyaviridae) infection in birds. Trans R Soc Trop Med
Hyg 81, 10M-7.

shepherd,4.J,, swanepoel, R., shepherd, s. p., Leman, p. A., Blackburn, N. K.
& Hallett, A | (1985). A nosocomial outbreak of crimean-congo
haemorrhagic fever at Tygerberg Hospital. Part V. Virological añ¿
serological observations. S Afr Med J 68, Z93-6.

Simpson, D. 1., Knight, E. M., Courtois, G., \Mlliams, M. C., Weinbren, M. p. &
Kíbukamusoke, J. W. (1964. Congo virus: a hítherto undescribed virus
occurring in Africa. l. Human isolations--clinical notes. East Afr Med J 44,
86-92.

smirnova, s. E., shestopalova, N. M., Reingotd, v. N., Zubri, G. L. & chumakov,
M. P. (1977). Experimental Hazara Mrus infection in mice. Acta Virol 21,
128-32.

Streb, J. a. M., JM (2005). Cross-species Sequence Analysis Reveals Multiple
Charged Residue-rich Domains That Regulate Nuclear/Cytoptasmic
Partitioning and Membrane Localization of A Kinase Anchoring Érotein 12
(SSeCKS/Gravin). The Joumal of Biological Chemistry 280,IîOOZ-ZAOI+

strecker, T., Eichler, R., Meulen, J., weissenhorn, w., Dieter Klenk, H-, Garten,
w. & Lenz, o. (2003). Lassa virus z protein is a matrix protein and
sufficient for the release of virus-like particles [corrected]. J Virol 17,
10700-5.

Sugahara, F., Uchiyama, T., Watanabe, H., Shimazu, y., Kuwayama, M., Fujii,
Y., Kiyotani, K., Adachi, 4., Kohno, N., yoshida, T. & Sakaguchi, T.
e0AÐ. Paramyxovirus Sendai virus-like particle formation by eipression
of multiple _vir.al proteins and acceleration of its release by C protein.
Virology 325, 1-10.

167



References

Swanepoel, R., G¡ll, D. E., Shepherd, A. J., Leman, P. 4., Mynhardt, J. H. &
Harvey, S. (1989). The clinical pathology of Crimean-Congo hemorrhagic
fever. Rev lnfect Dis ll Suppl 4, 5794-800.

Swanepoel, R., Shepherd, A. J., Leman, P. A. & Shepherd, S. P. (1985a).
lnvestigations following inÍtial recognition of Crimean-Congo haemorrhagic
fever in South Africa and the diagnosis of 2 further cases. S.Afr Med J 68,
63841.

Swanepoel, R., Shepherd, A. J., Leman, P. 4., Shepherd, S. P., McGillivray, G.
M., Erasmus, M. J., Searle, L. A. & Gill, D. E. (f987). Epidemiologic and
clinical features of Crimean-Congo hemorrhagic fever in southern Africa.
Am J Trop Med Hyg 36, 120-32.

Swanepoel, R., Shepherd, A. J., Leman, P, 4., Shepherd, S. P. & Miller, G. B.
(1985b). A common-source outbreak of Crimean-Congo haemorrhagic
fever on a dairy farm. S Afr Med J 68, 635-7.

swanepoel, R., struthers, J. K. & McGillivray, G. M. (1gs3a). Reversed passive
hemagglutination and inhibition with Rift Valley fever and Crimean-Congo
hemorrhagic fever viruses. Am J Trop Med Hyg 32, 610-1.

Swanepoel, R., Struthers, J. K., Shepherd,4.J., McGillivray, G. M., Nel, M. J. &
Jupp, P. G. (f 9æb). Crimean-congo hemorrhagic fever in South Africa.
Am J Trop Med Hyg 32,1407-15.

Tang, Q., Saijo, M., Zhang, Y., Asiguma, M., Tianshu, D., Han, L., Shimay¡, 8.,
Maeda, 4., Kurane, l. & Morikawa, s. (2009). A patient with crimean-
Congo hemorrhagic fever serologically diagnosed by recombinant
nucleoprotein-based antibody detection systems. Clin Diagn Lab tmmunol
10,499-91.

Tatar, 4., Ozkurt, Z. & Kiki, l. (2005). Genotoxic effect of ribavirin in patients with
Crimean-Congo hemorrhagicfever. Jpn J lnfect Drb 58, 319-5,

Tignor, G. H. & Hanham, C. A. (1993). Ribavirin efficacy in an in vivo model of
Crirnean-Gongo hemonhagic fever virus (CCHF) infection. Antiviral Res
22,309-25.

Towner, J. S., Rollin, P. E., Bausch, D. G., Sanchez,4., Crary, S. M., Vincent,
M., Lee, W. F., Spiropoulou, C. F., Ksiazek, T. G., Lukwiya, M., Kaducu,
F., Downing, R. & Nichol, S. T. (2004). Rapid diagnosis of Ebota
hemorrhagic fever by reverse transcription-PCR in an outbreak setting and
assessrnent of patient viral load as a predictor of outcome. J Virot 78,
433041.

168



References

van de Wal, B. W., Joubert, J. R., van Eeden, P. J. & King, J. B. (1985). A
nosocomial outbreak of Crimean-Congo haemorrhagic fever at Tygerberg
Hospital. Part lV. Preventive and prophylactic measures. S Afr Med J 68,
729-32.

van Eeden, P. J., Joubert, J. R., van de Wal, B. W., King, J. 8., de Kock, A. &
Groenewald, J. H. (1985a). A nosocomial outbreak of Crimean-Congo
haemorrhagic fever at Tygerberg Hospital. Part l. Clinical features. S Afr
Med J 68,711-7.

van Eeden, P. J-, van Eeden, S. F., Joubert, J- R., King, J. 8., van de Wal, B- W.
& Michell, W. L. (1985b). A nosocomial outbreak of Grimean-Congo
haemorrhagic fever at Tygerberg Hospital. Part ll. Management of
patients. S Afr Med J 68,718-21.

Vincent, M. J., Sanchez, A. J., Erickson, B. R., Basak,4., Chretien, M., Seidah,
N. G. & Nichol, S. T. (2003). Crimean-Congo hemorrhagic fever virus
glycoprotein proteolytic processing by subtilase SKI-1 . J Virol77, 8640-9.

Volchkov, V. E., Feldmann, H., Volchkova, V. A. & Klenk, H. D. (1998a).
Processing of the Ebola virus glycoprotein by the proprotein convertase
furin. Proc Natl Acad Sci U SA 95,5762-7.

Volchkov, V. E., Volchkova, V.A., Slenczka, W., Klenk, H. D. & Feldmann, H.
(1998b). Release of viral glycoproteins during Ebola virus infection.
Virology 245, 110-9.

Volchkova, V. 4., Feldmann, H., Klenk, H. D. & Volchkov, V. E. (1998). The
nonstructural small glycoprotein, sGP of Ebola virus is secreted as an
antiparallel-orientated homod im er. V irology 250, 408-1 4.

Wahl-Jensen, V. M., Afanasieva, T.4., Seebach, J., Stroher, U., Feldmann, H. &
Schnittler, H. J. (2005). Effects of Ebola virus glycoproteins on endothelial
cell activation and barrier function. J Vitol79, 104É,2-50.

Watanabe, S-, Watanabe, T., Noda, T., Takada, A., Feldmann, H., Jasenosky, L.
D. & Kawaoka, Y. (2004). Production of novel ebola virus-like particles
from cDNAs: an alternative to ebola virus generation by reverse genetics.
J Virol78,999-1005.

Watts, D. M., Ussery, M. 4., Nash, D. & Peters, C. J. (19S9). lnhibition of
Crímean-Congo hemorrhagic fever viral infectivity yields in vitro by
ribavirin. Am J Trop Med Hyg 41, 581-5.

WhÍtehouse, C. A. (2004l. Crimean-Congo hemorrhagic fever. Antiviral Res 64,
145-60.

t69



References

Wilson, M. L-, LeGuenno, 8., Guillaud, M., Desoutter, D., Gonzalez, J. P. &
Camicas, J. L. (f990). Distribution of Grimean-Congo hemorrhagic fever
viral antibody in Senegal: environmental and vectorial correlates. Am J
Trop Med Hyg 43,557-66.

Woodall, J. P,, Williarns, M. C. & Simpson, D. l. (1967). Congo virus: a hitherto
undescribed virus occurring in Africa. ll. ldentÍfication studies. East Afr
Med J 44, 93-8.

170



Appendix A

AppendixA-PrimerList

Primer Name Tarqet Gene primer Seduence s'-3'

Primer pair for pQE-30 expression plasmid with N-terminal His tag

CCHF 510200 PQEF: CCHF NP AAT i;;,j.r: r i;:-. GCA ATG GAA AAC
AAG ATC GAG GTG

AAT AAG CTT TTA AAT GAT GTT
AGC ACT GGT GG

Primer pair for cloning CCHFV NP into pGEX-6P-1 for Antibody Preparation

CCHF 51O2OO PQER:

pGEXNP2-F:

pGEXNP2-R:

CCHF NP CGC r',',,1_,.-',"1î, GCG GAT GAA
GCC AAA AAG ACT GTG GAG

CCG CTC GAG CGG AAT GAT
GTT AGC ACT GGT

Primer pair for pCAGGS expression plasmids
FOR N TERMINAL HA TAG
ccHF s10200N-HA-F: ccHFV Np ccc cAA TTc ccA ATc ccc

TAT CCA TAT GAT GTT CCA GAT
TAT GCTGAA AAC AAG ATC GAG
G

CCHF S1O2OO CAG R: AAT CTC GAG TTA AAT GAT GTT
AGC ACT GGT GG

FOR C TERMINAL HA TAG
ccHF s10200c-HA R: ccHFV Np ccc crc cAc rrA Acc ATAATcmarcararee

ATA AAT GAT GTT AGC ACT GG

CCHF 510200 CAG F: AAT GAA TTC GCA ATG cAA AACnneffierc
FOR NSs WITH N TERMINAL HA
NHA-NSS F: CCHFV NSs GcG GAA TTc GCA ATG Gcc

TAT CCA TAT GAT GTT CCA GAT
TAT GCT CTG TCG GCG CTT GCT
c

CCG CTC GAG TTA CCA ACA
AGC TGC CTT GAA G
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For nss with c terminal ha tag
CHANSS F: CCHFVNSs

CHA-NSS R:

FOR CLONING HTNV 76.1 18 NP INTO PCAGGS

HTNTGNP CAG F:

HTNTGNP CAG R:

For detection of S segment vRNA and cRNA
vRNA RT primer = 476
aRNA rt prímer = 477
PCR primer pair for each = 476/477

GCG GAA TTC GCA ATG CTG
TCG GCG CTT GCT C

CCG CTC GAG TTA AGC ATA
ATC TGG AAC ATC ATA TGG
ATACCAACA AGC TGC CTT G

GCC GAT GAT TCT TTC CAG CA
CGC ACA GCC CTT TAA GTG TT

ATG CAT ATA TCA TTA ATG TAT GC
TTV TGG TGT AGA TGG TGT GCT AGG
GAC ACA CAC CAT CCT GTG AG
CTG AAG CCT TAA TAT TTT CC
CAA CTC ACC TTA GAG GAG GAC AC
CGA TGC CTT CAA GTT TAT GC
ATC TTC AAA GAA CAT AGA GAG
TGC AGT CTC TGT CCT TAA TAG
GAG ATC CAC GGC GAC AAC TAT GG
GAA AGC CAT GGT TGT TTT GGG
CTC TTC TGG TTC AGC TTT GGC
GT CTT CCC TTG ACC AAT GGG
A ATT GAG GCA TAC CGG GCC AGG
AGT GGT GTT GAT GAT GCT ACG
TTT GTT TTG TGC ATA CTG ATA C
CAT AAT TGA TTC TGA TCT GCC
AAG CTG GAA GAA AGG ACA GG

HTNV NP GCG GAA TTC GCA ATG GCC
ATG GCA ACT ATG GAG GAA TTA
CAG AGG

CCG CTC GAG TTA GAG TTT CAA
AGG CTC TTG GTT GGA GAT TTC
CTT CAC

476';
477:

PRIMERS FOR SEQUENCING CCHFV GP

CCHFGI-F: cp
CCHFG 1-R:
CCHFG2-F:
CCHFG2.R:
CCHFG3-F:
CCHFG3-R:
CCHFG4-F:
CCHFG4-R:
CCHFGs-F:
CCHFGs-R:
CCHFG6-F:
CCHFG6-R:
CCHFGT-F:
CCHFGT-R:
CCHFGs-F:
CCHFGs-R:
CCHFG9-F:
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CCHFG9.R:
CCHFGlO-F:
CCHFGlO-R:
CCHFGl 1-F:
CCHFGl l-R:
CCHFGl2-F:
CCHFGl2-R:
CCHFGl3-F:
CCHFGlS-R:

NP1-F:
NP1-R:

NP2-F:
NP2-R:

NP3-F:
NP3-R:

B-ACTIN 1F:

B-ACTIN 2R:
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CAA GCT ACA CTG CCT TTC CTG
ATT GAA GCG GGC ACA AGG TTC
AGC ATG ATT GTG TTG GGT GAC
ÏCA TTT GTA AAC TTA CTC AAC
ÏAG AGA AGT TTT AGG CAT GGC
TGT TTC TAC ATT GTT GAA AG
CTA GCC AAT GTG TGT TTT TG
GGA AAA AAC AAA CTG CTT GAT GG
AGA GCT CGG GTT ATC ACC GGG

FOR SEQUENCING CCHFV lO2OO NP:

CCHFV NP ATG GAA AAC AAG ATC GAG GT
GTA ACC GGT AAG CTG CTC TAT TTT

GTC AAT GCC AAC ACA GCA GCT CTG
AAG GTT TGT TAT CAT GCT GTC GGC
GC
ACC TTC CCG ACG GTG TCA CAG
AAT GAT GTT AGC ACT GGT GGC

GTG GGG CGC CCC AGG CAC CA

CTC CTT AAT GTC ACG CAC GAT TTC

CCG CTC GAG TTA AGC ATA ATC TGG AAC ATC ATA TGG

FULL LENGTH GPGP-F: ccc cGT Acc GcA ATc cAT ATA TcA TTA ATc rAT GcGP-R: CCG CTC GAG TTA AGc ATA ATc TGG AAc ATc ATA TGG
ATA GCC AAT GTG TGT TTT TOT NO
PINK = KPNI

N-TERM|NUS OF cP (UP TO G2)
GP-F
G1-R: ccc crc cAc TTA AGc ATA ATc rcc AAc ATc ATA Tcc
ATA AGA GCC GGT TGA TGC CTT GCC

N-TERMINUS UP TO END OF G2 RKLL SITE
GP.F
G2.R:
ATATAC AAC CCA AGG AAT TCT TTC

UPTO RKPL G1
GP-F;
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G3-R: ccc crc cAc TTA Acc ATA ATc rcâ AAc ATc ATA Tcc
ATA GAG TAC TAG AGC TTC ATA AGG

G1 WITH C TERMINAL HA
GP1-F: ccc Gcr Acc GcA ATG cAA crA AGT AAc AcA ccc crc
GP-R

FOR SEGMENTS OF GP
CCHF G1 -F: CGG ATA GGT ACC CAcc ATG cAT ATA TcA TTA ATG
ccHF G1 -R: cAT AOAT ccA TGc ATc rAA cAc AAc crc rcA ccc
HA Tag TAT CCA TAT cAT cTT CCA GAT TAT eCTStop TTA

Restriction Enzvme Sites
BamHl ii::;¡: ";i,.:)Hindlll AAG CTT
EcoRl GAATTC
Xhol CTC cAc
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Protein Sarnptes
Samples are mixed wíth 4XSDS Gel Loading Buffer and boiled at 100"C for 10

minutes. Samples are cooled, changeã to a fresh tube and brought out by
soaking in the dunk tank containing 5% microchem located in the chemical
shower.

R/VA Samp/es
Samples are mixed with Trizol LS (Life Technologies) and incubated at room

temperature for 15 minutes. Samples are changed to fresh tubes which
must be soaked in the 5% microchem dunk tank prior to removal from the
lab.

Cell Monolayers on Coverslips
FollowÍng removal of supernatant material, cells are fixed with 4o/o

paraformaldehyde, 2% glutaraldehyde and incubated at 4"c for a
minimum of 24 hours. Fixative is removed and fresh fix is placed on the
cells for a further 24 hours at 4"C. Coverslips are then transferred to a
fresh plate containing fresh fixative and incubated for a further 24 hours.
Plates are sealed in bags filled with fixative and bags are soaked in 5%
microchem dunk tanks for a minimum of 15 minutes to detect any leaks in
the seal. sealed bags are incubated at 4'c in level 2 for þ4 horrc
followed by removal of fixative (to be taken back into BSL4 for disposal)
and addition of fresh fix prior to use.

Sucrose Cushion Purified Virus preparations
Pelleted material is mixed with final óoncentration 4% paraformaldehyde, 2.5%

glutaraldehyde and incubated overnight at 4'C. bamples 
"r" "'h"nged 

to
fresh tubes, sealed in bags and soãked in microchêm for detection of
leaks prior to being brought out of containment. Samples were then given
2mRad of y-irradiation on wet ice prior to preparation for electron
microscopy.
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