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Abstract 

Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV) is a negative sense 

single stranded RNA virus, capable of causing fatal hemorrhagic fever in humans. 

Currently, an infectious clone system exists for CCHFV, however, owing to the 

high containment level required for experimentation with this virus, its potential is 

limited. Here, a highly efficient infectious clone system was developed for 

recovery of Hazara virus (HAZV), the first such orthonairovirus system able to be 

used in biosafety level 2 facilities, providing a valuable tool for increasing our 

understanding of these viruses.  

 

Mechanisms of viral subversion of cellular trafficking pathways involved in viral 

entry, gene expression, assembly and egress are poorly understood for HAZV 

and CCHFV. The infectious clone system was adapted to express eGFP, 

enabling screening of an siRNA library targeting genes involved in cellular 

trafficking networks via live-cell fluorescent imaging, the first such screen for a 

nairovirus. Screening revealed an important role for subunits of the coat protein 

1 vesicle coatomer (COPI), normally involved in regulation of Golgi / ER cargo 

trafficking. The effect was observed at multiple stages of the HAZV life cycle; an 

early stage prior to and including gene expression, and also a later stage during 

assembly and egress of infectious virus, with COPI-knockdown reducing titres by 

approximately 100-fold. 

 

In addition to gain of function mutations, such as the reporter virus discussed 

above, the infectious clone system represents a powerful tool for exploring the 

role of individual nucleotides, amino acids and entire open reading frames within 

the viral genome. Both CCHFV and HAZV contain a well-documented, highly 

conserved caspase cleavage motif on the apex of the arm domain on the 

nucleoprotein (N). Whilst previous literature has demonstrated this motif to be 

cleaved as purified protein, limited data exists as to its role in the context of viral 

replication in a cellular system. To this end, the infectious clone system described 

above was used to create a panel of mutants targeting this conserved caspase 

cleavage motifs within HAZV N. HAZV bearing an uncleavable DQVE sequence 

rescued efficiently with growth rates equivalent to those of wild-type virus in both 

mammalian and tick cells, showing this site was dispensable for virus 
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multiplication. In contrast, substitution of the DQVD motif with the similarly 

uncleavable AQVA sequence could not be rescued despite repeated efforts. 

Together, these results highlight the importance of this caspase cleavage site in 

the HAZV life cycle but reveal the DQVD sequence performs a critical, as yet 

unknown, role aside from caspase cleavage.  
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1 Introduction 

1.1 General introduction 

1.1.1  Discovery of CCHFV and HAZV 

Crimean-Congo hemorrhagic fever (CCHF) was first described between 1944 

and 1945 following an outbreak amongst approximately 200 Soviet military 

personnel in the Crimean Peninsula. The disease was initially named Crimean 

hemorrhagic fever (CHF). A viral aetiology was determined after psychiatric 

patients requiring pyrogenic therapy had CHF-like clinical symptoms induced 

following infection with a filterable agent isolated from CHF patients, termed 

Crimean hemorrhagic fever virus (Chumakov, 1945). The viral agent was first 

isolated following inoculation of new-born white mice with samples taken from 

a CHF patient in Astrakhan in 1967. The isolated strain (Drozdov) permitted 

development of antibodies and antigens to enable serological studies and 

comparisons to viruses isolated from outbreaks from various different 

geographical locations (Butenko et al., 1968). Collaboration between M.P 

Chumakov and Jordi Casals identified the virus isolated from Crimea in 1945 

to be antigenically indistinguishable from three stains of Congo virus taken 

from patients in the Congo and Uganda in 1956, resulting in the renaming of 

the virus to Crimean-Congo hemorrhagic fever virus which has since been 

adapted to Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV) 

(Hoogstraal, 1979). The viral agent was also detected at a similar time in 

suspensions generated from Hyalomma plubeum (Hyalomma marginatum), 

identifying ticks as the vector of the virus (Butenko et al., 1968).  

 

Despite the identification and characterisation of CCHFV in the last 50 years, 

similar CCHF-like symptoms have long been documented in areas of 

Tajikistan, dating back to the 12th century. Symptoms included blood in the 

urine, vomit, sputum, rectum and abdominal cavity, with a tough, small 

arthropod responsible for the spread of the disease (Hoogstraal, 1966). More 

recently, CCHF has been recognised under three different names by the 

indigenous population of southern Uzbekistan, which suggests that despite 

the relatively recent advances in knowledge surrounding CCHFV, it has been 
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the responsible agent of human hemorrhagic fever for centuries (Hoogstraal, 

1979). 

 

Hazara orthonairovirus (HAZV) was first isolated in 1970 from the vole Alticola 

roylei in subarctic terrain in the Kaghan Valley in the Hazara district of West 

Pakistan. Early serological tests showed it to be a distinct, but related virus to 

the Crimean and Congo strains that were renamed to CCHFV (Begum, 

Wisseman Jr and Traub, 1970). In line with CCHFV infection, HAZV infection 

of suckling mice progresses in a similar manner, with an often fatal disease 

outcome following intracerebral inoculation, with high viral loads detected in 

the liver and brain tissue (Smirnova et al., 1977). However, there has been no 

evidence of HAZV infecting or causing disease in humans and limited 

information is available regarding its global distribution. 

 

1.1.2 CCHFV and HAZV classification 

CCHFV and HAZV are members of the order Bunyavirales, which was 

established in 2017 to accommodate related viruses exhibiting segmented, 

linear, single-stranded, negative or amibisense RNA genomes (Maes et al., 

2018). Initially 9 families were defined, however this was amended to 12 to 

permit efficient assignment of newly discovered species, most recently with 

the addition of the Leishbuvidae family and recreation of the Tospoviridae 

family in 2019 (Abudurexiti et al., 2019). There are currently around 500 

named isolates within this order, across 287 assigned species, making the 

Bunyavirales one of the largest taxonomic groupings. Prior to the formation of 

the order Bunyavirales, bunyaviruses were classified within the Bunyaviridae 

family, which comprised of 5 genera (Nairovirus, Orthobunyavirus, Hantavirus, 

Phlebovirus and Tospovirus). 

 

Both CCHFV and HAZV are members of the family Nairoviridae and are further 

classified into the orthonairovirus genus along with 13 other viruses (Figure 

1.1). Notable examples from within this genus include Dugbe orthonairovirus, 

the type species of the genus and Nairobi Sheep Disease orthonairovirus 
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(NSDV), which causes 90 % mortality in sheep and goats, causing significant 

economic disruption (Lasecka and Baron, 2014). 
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Family  Genus  Species 

Arenaviridae  Orthonairovirus  Artashat orthonairovirus 

Cruliviridae  Shaspivirus  Chim orthonairovirus 

Fimoviridae  Striwavirus  Crimean-Congo hemorrhagic fever orthonairovirus 

Hantaviridae    Dera Ghazi Khan orthonairovirus 

Leishbuviridae    Dugbe orthonairovirus 

Mypoviridae    Estero Real orthonairovirus 

Nairoviridae    Hazara orthonairovirus 

Peribunyaviridae    Hughes orthonairovirus 

Phasmaviridae    Kasokero orthonairovirus 

Phenuiviridae    Keterah orthonairovirus 

Tospoviridae    Nairobi sheep disease orthonairovirus 

Wupedeviridae    Qalyub orthonairovirus 

    Sakhalin orthonairovirus 

    Tamdy orthonairovirus 

    Thiafora orthonairovirus 

 

Figure 1.1, Classification of Hazara orthonairovirus (HAZV) and Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV) within the 
Bunyavirales order 

Figure shows the taxonomy of HAZV and CCHFV within the Bunyavirales order, Nairoviridae family, orthonairovirus genus. All species within the 
orthonairovirus genus are listed.
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1.1.3 Transmission, vectors and hosts 

CCHFV is a zoonotic infection that is maintained in several species of ixodid 

(hard) ticks through trans-stadial, transovarial and venereal transmission. Whilst 

CCHFV has been isolated from other arthropods, such as biting midges, this is 

believed to be a result of recent feeding on an infected mammal (Causey et al., 

1970). CCHFV is unable to be maintained in soft ticks, experimental infection of 

such ticks demonstrated the virus was unable to spread to tissues or be 

maintained trans-stadially (Shepherd et al., 1989; Durden et al., 1993). The virus 

is amplified during the spring and summer months during blood meals taken by 

ticks on small or large mammalian hosts. As ixodid ticks maintain levels of 

CCHFV throughout their entire life cycle, they are true hosts. Humans only 

transiently maintain levels of CCHFV and do not provide a source of infection for 

ticks and are therefore accidental ñdead-endò hosts for the virus (Bente et al., 

2013).  

 

Initial infection of the tick occurs when a bloodmeal is taken from an infected host, 

CCHFV then replicates in the lining of the tickôs midgut, before spreading to 

multiple tissues including the salivary glands and reproductive organs, where 

titres of CCHFV are highest (Nuttall et al., 1994). Infected females may pass the 

virus to offspring by transovarial transmission. Upon hatching, larvae of the 

Hyalomma spp. tick feed on a small mammalian or avian host for their first blood 

meal. Following engorgement, the nymph drops off this small host and following 

molting, develops into the adult form. Adult ticks take a second blood meal on a 

larger animal host and mate whilst feeding. Female ticks subsequently drop off 

and find a suitable location for oviposition, where the cycle then repeats (Estrada-

Peña and de la Fuente, 2014). A schematic of the life cycle of Hyalomma spp. 

can be seen in Figure 1.2. 
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Figure 1.2, The natural life cycle of the CCHFV vector, Hyalomma ticks 

The complete life cycle of the Hyalomma spp. tick requires a small and large host. A tick 
infected with CCHFV carries the virus for the full duration of its life cycle and can pass 
the virus vertically to offspring. Humans become infected following a bite with an infected 
tick at any stage of the life cycle, though questing adult Hyalomma ticks are thought to 
be responsible for the majority of human infections. 

 

Infection of hosts can be assessed by serosurveys, which have been the 

traditional method of identifying regions of CCHFV circulation. Direct infections of 

multiple species of wild and domestic animals with CCHFV identified low levels 

of replication in horses, donkeys, sheep, cattle and ostriches (Shepherd et al., 

1987, 1989; Wilson et al., 1990; Zeller, Cornet and Camicas, 1994). Whilst birds 

represent a common target for blood meals for the larvae and nymphs of the 

Hyalomma spp. ticks, there is limited evidence to suggest birds become viraemic 

following contact with an infected tick. Historical records suggest that whilst ticks 

isolated from birds were CCHFV positive, the birds themselves were not thought 

to be hosts for viral replication (Hoogstraal, 1979). Therefore, the likely role of 

birds in transmission of CCHFV is in increasing the global distribution of CCHFV 

positive ticks, rather than as a source for infecting naïve ticks. 

 

Transmission to humans naturally occurs when people are bitten by virally 

infected ticks. The two-host life cycle of Hyalomma spp. ticks may have 

implications on the number of human cases of CCHF. Where there is an 

abundance of both small and large mammalian hosts for Hyalomma spp. ticks, 

infection rates observed in humans are low. However, where there is an 

imbalance in numbers of large hosts compared to small hosts, human cases 
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appear to increase. It is hypothesised that this is the reason for the outbreak 

among Soviet military personnel in the Crimean. Wild hare populations had 

recently proliferated but numbers of livestock had been sharply reduced, leaving 

a lack of non-human large mammalian hosts for Hyalomma spp. ticks to take 

blood meals from. The sudden increase in cases of CCHF seen in the military 

personnel was likely a result of questing Hyalomma spp. ticks feeding on humans 

as an alternative. In addition to tick bites, human transmission can occur during 

contact with virally infected blood or bodily fluids of an infected patient during the 

first seven to ten days of illness.  

 

1.1.4 Epidemiology and global distribution of CCHFV 

CCHFV is the second most widespread medically important arbovirus, after 

Dengue virus, responsible for over 140 outbreaks and more than 6000 cases 

worldwide since its discovery (Appannanavar and Mishra, 2011). Outbreaks have 

occurred across a vast geographical distribution, ranging from China to Africa, 

with recent cases also reported in India, Europe and the Middle East (Hoogstraal, 

1979; Celikbas et al., 2014; Makwana et al., 2015; Spengler, Bergeron and Rollin, 

2016) (Figure 1.3). However, the true geographic distribution of CCHFV is likely 

to be larger than current estimates suggest, due to an absence of surveillance 

systems. Previous first reports of virus, or human cases of CCHF, have coincided 

with the implementation of surveillance systems, supporting a larger distribution 

than is currently known (Mamuchishvili et al., 2015). In addition, cases in endemic 

countries are rising annually, a study into cases of CCHF in Afghanistan between 

2016 and 2018 reported increasing cases year on year, with 163 cases in 2016, 

245 cases in 2017 and 483 cases in 2018. A potential explanation for this 

increase is the Eid-al-Adha festival, in which Muslims sacrifice cattle, sheep, 

goats or camels. For the next 10-15 years this festival is likely to be in the summer 

months when animals are likely to have peak viremia. Historically the festival has 

fallen in autumn or winter, during which fewer animals were infected, and thus 

posed less of an infection threat (Leblebicioglu et al., 2015). 

 

New cases are now also being reported in countries previously unaffected by the 

virus, which may be a result of the increased geographical distribution of the tick 

vector, with Hyalomma ticks detected for the first time in the UK and Norway by 
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the European Centre for Disease Prevention and Control (Jameson et al., 2012; 

Hansford et al., 2019). Additionally, countries have reported imported cases of 

CCHF from patients travelling to and from endemic regions. The UK confirmed 

two cases, one from a patient returning from Afghanistan in 2012 and another 

from Bulgaria in 2014 (Atkinson et al., 2012; Lumley et al., 2014). Given the ease 

of international travel in the modern era, it could be easily expected that imported 

cases could result in countries reporting first cases more frequently.  

 

Figure 1.3, Geographic distribution of Crimean-Congo hemorrhagic fever 

Countries in pale yellow report the presence of Hyalomma Spp. Countries in yellow 
have not reported cases of CCHF, but CCHFV has been isolated from ticks or animals 
in these countries, or serological evidence suggests its presence, in addition to 
presence of Hyalomma Spp. Orange countries report between 4 and 49 cases of 
CCHF per year. Red countries report more than 50 cases of CCHF per year. The 
horizontal line across the top of the map where countries are greyed out represents the 
northernmost limit of distribution of genus Hyalomma ticks. Image was adapted from an 
image created by the WHO in 2017.  
 
(http://www.who.int/emergencies/diseases/crimean-congo-haemorrhagic-fever/en/). 
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1.1.5 Diagnosis of CCHF 

Multiple methods of CCHF diagnosis exist, including reverse transcriptase (RT)-

PCR, immunofluorescence assay (IFA), antibody and antigen capture ELISA and 

virus isolation. Due to the biosafety containment level 4 (BSL-4) requirements of 

CCHFV, virus isolation is rarely used as a diagnostic tool. RT-PCR is primarily 

used as it has the highest detection sensitivity at the earliest time point of infection 

(Mazzola and Kelly-Cirino, 2019). However, challenges to RT-PCR diagnosis of 

CCHF arise from the inherent variability in CCHFV genomic sequences, with the 

conserved genomic sequence required for effective RT-PCR not determined for 

all strains of CCHFV (Vanhomwegen et al., 2012; Tezer and Polat, 2015). 

Therefore, the recommended diagnostic approach is a combination of a nucleic 

acid amplification test (NAAT), such as RT-PCR, with an immunological assay, 

such as an ELISA (Drosten et al., 2003; Fernandez-Garcia et al., 2014). Both 

NAATs and immunological approaches require a moderate to high level of 

biological containment infrastructure, which often does not exist at outbreak 

locations of CCHF. Rapid diagnostic tests (RDTs) that can diagnose at the point 

of care (POC) present an attractive option for initial screening in such locations. 

These POC devices are compact, self-contained and involve automated sample 

processing, meaning most healthcare workers can be trained in their use with 

minimal effort. RDTs utilise similar principles as NAATs and immunological based 

assays, combining them with a lateral flow format which enables much faster 

diagnosis, often within an hour of testing. The drawback of RDTs is their lower 

sensitivity of detection (Filippone et al., 2013), especially with immunological 

based options, due to the low serological response observed in severe and fatal 

cases of CCHF.  

 

1.1.6 Clinical manifestations and treatment options 

Humans become infected with CCHFV following a tick bite or contact with 

contaminated livestock, often during the butchering process. Nosocomial 

infections are also widespread and well documented, with healthcare workers 

from Europe, Asia, and Africa all found to have contracted CCHFV (Burney et al., 

1980; Antoniadis and Casals, 1982; Watts et al., 1988). Infection with CCHFV is 

often fatal, with 3-30 % of reported cases resulting in mortality, though previous 
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isolated outbreaks have seen significantly higher fatality rates of 70 % 

(Hoogstraal, 1979; Schwarz, Nsanze and Ameen, 1997; Mardani et al., 2003). 

 

Clinical progression of CCHF can be categorised into 4 distinct phases; 

incubation, pre-hemorrhagic, hemorrhagic and convalescence. The duration of 

these phases varies based on the source of infection, with delivery via tick bite 

resulting in the shortest duration of incubation (3.2 days) versus contact with 

infected blood of livestock (5 days) or humans (5.6 days) (Swanepoel et al., 

1987). The pre-hemorrhagic phase usually lasts an average of 3 days, though 

ranges from 1 to 7 days (Hoogstraal, 1979). During the pre-hemorrhagic phase 

symptoms of fever, headache, myalgia and dizziness are common, with some 

cases also causing diarrhoea, nausea and vomiting (Swanepoel et al., 1987; 

Schwarz, Nsanze and Ameen, 1997; Karti et al., 2004; Bakir et al., 2005). The 

hemorrhagic phase develops rapidly, lasting between 2 and 3 days and has 

associated symptoms of petechiae and appearance of haematomas on mucus 

membranes and skin. Bleeding from the nose, gastrointestinal system, uterus 

and urinary tract are also common, though vaginal, gingival and cerebral 

hemorrhage have been documented (Swanepoel et al., 1987; Ergönül, 2006). 

Convalescence occurs in survivors approximately 10 to 20 days after the first 

signs of illness; however, symptoms in this phase appear inconsistent across 

different outbreaks, including, but not limited to: tachycardia, labile pulse, loss of 

hearing and memory, polyneuritis and temporal complete loss of hair. 

 

Almost 80 years following the first description of CCHF and the later association 

with CCHFV as the cause, supportive care still remains the mainstay of treatment 

for CCHF patients. Currently there are no licensed vaccines or CCHF specific 

therapeutics, however ribavirin has shown potential as an anti-viral, and although 

its efficacy is debated, it is recommended by the World Health Organisation 

(WHO) alongside general supportive care. Ribavirin is a guanosine analogue that 

undergoes phosphorylation within the target cell to ribavirin-triphosphate (RTP) 

(Witkowski et al., 1972). RTP is then incorporated into the replicating RNA strand 

by the viral RNA dependent RNA polymerase (RdRp), as initially demonstrated 

with poliovirus, resulting in inhibition of chain elongation or chain termination and 

has since been used in treatment of Hepatits C virus (Crotty et al., 2000; Maag 



11 

 

et al., 2001). A STAT-1 knockout mouse model has previously shown ribavirin to 

have a protective role against CCHFV challenge, with greater success observed 

when administered at early stages of infection and with lower viral titres (Bente 

et al., 2010). However, another study assessing the efficacy of ribavirin and 

favipiravir, another nucleotide analogue also known as T-705, in an interferon 

(IFN) knockout mouse model found that despite a small number of mice surviving 

the CCHFV challenge, the majority succumbed to the disease and ribavirin had 

no significant effect on clinical outcome (Hawman et al., 2018). This study found 

favipiravir to demonstrate statistically significant clinical benefit to subjects with 

CCHF, even when administered later following infection, though a small 

percentage of patients did experience onset of CCHF following conclusion of the 

treatment. 

 

Despite the current lack of a globally approved vaccine, a potential CCHFV 

vaccine candidate has previously been trialled in Bulgaria. A virus preparation is 

grown in neonatal mouse brains then subsequently inactivated via chloroform 

treatment and heating to 58 C̄ prior to absorbing it onto aluminium hydroxide 

(Vasilenko, 1976). Between 1953 and 1974, 1105 cases of CCHF were reported 

in Bulgaria with a fatality rate of 17 %. Following an immunisation programme in 

1974, cases over the same period (1974 to 1996) dropped 4 fold to 279 with a 

fatality rate of 11.4 % and annual cases have remained relatively low (<20 cases 

per year) (Christova et al., 2009; Maltezou et al., 2010). However, this has only 

been authorised for use in Bulgaria where it was developed and has not met 

approval standards for other countries with at-risk populations due to safety 

concerns and the associated costs with scaling up production. 

 

Several potential future vaccination options are currently being researched. 

Perhaps the most promising candidate is a virus replicon particle (VRP) 

incorporating the full length S and L genome segments from the IbAr10200 strain 

whilst omitting the M segment, instead directly transfecting in an expression 

plasmid to permit generation and amplification of VRPs. This was recently shown 

to offer heterologous protection versus multiple strains of CCHFV (IbAr10200, 

Oman-97 and Turkey), with 100 % of the interferon a/b-receptor knockout 

(IFNAR-/-) mice surviving virus challenge with no signs of clinical disease 
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following a single dose of the VRP (Spengler et al., 2019). Whilst other previous 

work has demonstrated complete protection vs CCHFV challenge in IFNAR-/- 

mice, all required multiple doses and not all offered protection against multiple 

strains (Buttigieg et al., 2014; Hinkula et al., 2017; Aligholipour Farzani et al., 

2019; Rodriguez et al., 2019). 

 

1.2 The virus 

1.2.1 Virus structure 

CCHFV and HAZV have a host-derived membrane and present as broadly 

spherical virions approximately 80 to 100 nm in diameter (Martin et al., 1985). 

The structural glycoproteins Gn and Gc protrude through the membrane, 

extending 5 to 10 nm from the surface and are responsible for binding to cellular 

receptors during the entry phase (Bergeron, Vincent and Nichol, 2007). Within 

the virion, the viral genome segments are encapsidated within the viral 

nucleoprotein (N) and RdRp, with at least one copy of each genome segment 

within a single virion. A schematic of the HAZV virion and electron micrographs 

of CCHFV and HAZV are depicted in Figure 1.4, detailing the spherical nature 

and relative sizes of the viruses. 
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Figure 1.4, Schematic diagram and electron micrographs of HAZV and CCHFV 

a) Schematic representation of a HAZV and CCHFV virion showing the glycoprotein 
studded membrane enclosing the three genome segments encapsidated with 
nucleoprotein and a copy of the viral RNA dependent RNA polymerase (RdRp) to form 
an RNP. b) Electron micrograph of HAZV virions, taken from (Punch et al., 2018), scale 
bar 100 nm. c) Electron micrograph of CCHFV virions, taken from (Martin, Lindsey-
Regnery et al. 1985), scale bar 100 nm. 

 

1.2.2 Viral genome structure 

The genome of CCHFV and HAZV is comprised of three single stranded RNA 

(ssRNA) segments, termed small (S), medium (M) and large (L), that encode the 

viral N, glycoprotein precursor (GPC) and RdRp, respectively. The CCHFV S 

segment has been reported to encode an additional non-structural protein (NSs) 

using an ambisense coding strategy (Barnwal et al., 2016). Sequence and amino 

acid conservation vary within CCHFV when geographically diverse strains are 

compared, with 20, 31 and 22 % nucleotide differences and 8, 27 and 10 % amino 

acid differences in the S, M and L segments, respectively (Deyde et al., 2006).  

 

The open reading frame (ORF) of each gene segment is flanked by a non-

translated region (NTR) at the 5' and 3' termini. These NTRs contain cis-acting 

signals that acts as promoters for viral RNA synthesis activities (Matsumoto et 

al., 2019; Mega et al., 2020). NTR sequences are also postulated to have roles 

involved in several additional aspects of the viral lifecycle, including 

encapsidation of viral RNA (vRNA) by N into ribonucleoprotein (RNP) complexes 
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and packaging of these RNPs into virions (Kohl et al., 2006). The length of the 

segment specific NTRs varies, however the 5' NTR in the vRNA is in all cases 

longer than its 3' partner. The terminal nine nucleotides (5'-UCUCAAAGA and 

3'AGAGUUUCU) are entirely conserved between segments and across different 

nairoviruses and may form closed hairpins to enable binding to the viral RdRp as 

shown in related viruses such as La Crosse virus (LACV) (Gerlach et al., 2015).  

 

1.3 The replication cycle of CCHFV and HAZV 

A complete and detailed description of the HAZV and CCHFV lifecycles remains 

unclear, due in part to the classification of CCHFV as a hazard level 4 pathogen, 

requiring BSL-4 facilities for its growth and study. In this section, current 

knowledge surrounding individual aspects of the life cycle of both HAZV and 

CCHFV is discussed.  

 

1.3.1 Binding and entry 

The initial phase of viral replication for enveloped viruses requires an interaction 

between viral and host cell components.  For CCHFV and HAZV, this is thought 

to be mediated by the viral glycoproteins. It is hypothesised that Gc serves as the 

viral component in the interaction (Xiao et al., 2011). Monoclonal antibodies 

against Gc, but not Gn, have been proven effective in preventing CCHFV 

infection during neutralisation assays in vitro. However, this is not consistent with 

in vivo results where monoclonal antibodies against Gn were found to offer more 

protective immunity against CCHFV in mice (Bertolotti-Ciarlet et al., 2005). There 

is little information surrounding the cellular receptor for CCHFV. A functional 

interaction has been suggested between Gc and cell surface nucleolin, a protein 

normally found in the nucleus, via coimmunoprecipitation reactions between 

soluble Gc and CCHFV susceptible cell lines (Xiao et al., 2011).   

 

Following binding, CCHFV uptake into the host cell occurs in a clathrin, pH and 

cholesterol dependent manner, trafficking at least part way through the 

endosomal pathway (Simon, Johansson and Mirazimi, 2009; Garrison et al., 

2013). Dependence on clathrin was demonstrated by inhibition of the clathrin 

heavy chain using Pitstop-2 (PS2). Increasing the concentrations of PS2 

administered to host cells led to reduced infectivity of CCHFV, implicating the 
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requirement of functional clathrin coated pits in CCHFV infection (Garrison et al., 

2013). Further evidence for the role of clathrin mediated endocytosis (CME) was 

provided by siRNA knockdown of the clathrin adaptor protein (AP) 2. AP2 is the 

second most abundant protein in clathrin coated pits and is not known to have 

additional roles outside CME (Blondeau et al., 2004). siRNA-mediated 

knockdown of AP2 subunits inhibited CCHFV infection by å 30 to 40 % (Garrison 

et al., 2013). The role of pH in viral entry has been investigated for both CCHFV 

and HAZV. Treatment of cells with NH4Cl, which prevents maturation of early 

endosomes to late endosomes via neutralisation of the luminal pH, reduced 

CCHFV infectivity in a dose-dependent manner, demonstrating a low pH 

requirement for infection (Garrison et al., 2013). To assess how far through the 

endosomal pathway CCHFV trafficked, dominant negative (DN) forms of Rab5, 

a marker for early-endosomes, and Rab7, a marker for late endosomes were 

transfected into cells prior to infection. Rab5 and Rab7 associate with the 

membranes of their respective vesicles and shuttle cargo via interactions with 

effector proteins (Stenmark et al., 1994; Mukhopadhyay et al., 1997). DN forms 

of Rab5 and Rab7 contain a single amino acid change that renders the protein 

inactive, due to the inability to exchange GTP to GDP. Therefore, a virus requiring 

functional early-endosomes or late-endosomes would be negatively impacted by 

transfection of the respective DN form of Rab. CCHFV infectivity was reduced 

following transfection of DN Rab5 but not for DN Rab7, showing a requirement 

for early, but not late endosomes (Garrison et al., 2013). 

 

For HAZV, entry has been shown to be dependent on pH, potassium 

concentration (K+) and cholesterol (Punch et al., 2018; Charlton et al., 2019). 

Punch et al. identified increased infectivity of HAZV in elevated K+, with an optimal 

pH for infectivity at 7.3. Purification of HAZV particles and subsequent treatment 

at pH 7.3 with high or low K+ concentrations revealed a conformational change in 

the surface glycoproteins via cryo-electron tomography. A hypothesised model 

suggested that under high K+
 conditions, either or both of the HAZV glycoproteins 

extend into a fusion ready state (Punch et al., 2018). The HAZV dependence on 

cellular cholesterol was identified in a follow up study by Charlton et al. Here, the 

depletion of cellular cholesterol via treatment with U18666A or using methyl-beta 

cyclodextrin resulted in reduced infectivity of HAZV. Due to the previously 
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described requirement for HAZV fusion on K+ and pH, the role of cholesterol in 

facilitating these conditions was also explored. Priming of HAZV prior to infection 

of cholesterol depleted cells recovered the infection, suggesting the HAZV 

dependence on cholesterol to be linked to establishing the pH and K+ conditions 

within endosomes that facilitate fusion with host cell membranes (Charlton et al., 

2019). 

 

1.3.2 Replication 

There is little information surrounding the specific mechanism for CCHFV or 

HAZV RNA transcription and replication. However, in order to generate additional 

viral proteins and viral RNA, each viral genome segment encapsidated within an 

RNP must act as a template for two distinct RNA synthesis activities (Figure 1.5). 

For generation of viral proteins, the genomic segment must be transcribed into 

translatable mRNA. For the generation of additional viral genomes, the genomic 

segment must be replicated to synthesise full length complementary RNA (cRNA) 

copies for each viral genome segment, which may then act as templates for the 

synthesis of genomic vRNA. The two products, cRNA and mRNA, have distinct 

structures. Whilst the cRNA represents a full-length complementary version of 

the initial vRNA, the mRNA is extended at the 5ô end by the addition of a host-

derived cap and truncated at the 3ô end in relation to the vRNA (Walter and Barr, 

2011). 
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Figure 1.5, Schematic detailing negative sense gene expression 

Schematic detailing how negative sense genomes act as a template for two discrete 
activities; RNA replication into anti-genomes and mRNA transcription. 
 

Following cell entry and fusion, genomic RNPs are released into the cytosol, 

where the vRNA must serve as a template for the RdRp during primary 

transcription of mRNAs. Translation of mRNA requires a 5ô cap which acts to 

recruit initiation factors and in mediating binding to the 40S ribosomal subunit. 

Sequencing of bunyavirus mRNAs identified non-viral sequences at the 5ô 

termini, suggesting bunyaviruses utilise a cap-snatching mechanism to prime 

viral transcription (Patterson and Kolakofsky, 1984; Collett, 1986). Cap snatching 

occurs following the binding of a cap-binding domain of a viral polymerase to the 

cap structure of a cellular mRNA. Once bound, an endonuclease domain cleaves 

the RNA approximately 10-15 bases downstream of the cap-binding domain, 

generating a capped RNA fragment that can be used to prime viral transcription. 

Whilst unconfirmed for CCHFV, there is evidence that the RdRp contains a Mn2+ 

coordinating residue at position D693 that facilitates the cap snatching process, 

a process described in multiple negative sense viruses including influenza, 

arenaviruses and other bunyaviruses (Dias et al., 2009; Morin et al., 2010; 

Reguera, Weber and Cusack, 2010; Devignot et al., 2015).  

 

At a stage of the replication cycle that is currently undefined, the RdRp can begin 

replication of the input vRNA into cRNA. As the 5ô end of the cRNA is distinct to 

the 5ô end of mRNA, it is likely the pathways involved in their individual production 
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are distinct. Replication of vRNA to generate cRNA is known not to require 

capped primers as mutation of D693, whilst able to prevent RdRp transcription of 

mRNA, has no effect on replication (Devignot et al., 2015).  Replication of vRNA 

is therefore a process that initially requires the replication and encapsidation of 

uncapped vRNA, minimally involving N and the viral RdRp. This process results 

in the generation of cRNA that acts as a template for further amplification of 

vRNAs. During cRNA or vRNA synthesis, N subunits are added to the elongating 

strands to form antigenomic or genomic RNPs, respectively.  

 

1.3.3 Assembly and egress 

As with other stages of the CCHFV replication cycle, there is limited specific 

information available relating to the assembly and egress phases of infection. 

The subcellular localisation of mature glycoproteins can often provide insight into 

the location of viral assembly. A study into the localisation of CCHFV 

glycoproteins Gn and Gc identified Gn to localise to the Golgi, with Gc remaining 

in the ER  following individual expression of both glycoproteins (Bertolotti-Ciarlet 

et al., 2005). Upon co-expression of Gn and Gc, both glycoproteins co-localised 

with the Golgi, suggesting a Golgi localisation signal on Gn, and that Gc may 

localise to the Golgi via an interaction with Gn. Endoglycosidase H (Endo-H) 

treatment is commonly used to monitor post-translation modification of 

glycoproteins in the Golgi apparatus. CCHFV Gn and Gc were both found to be 

sensitive to Endo-H treatment, indicating they are targeted to early compartments 

of the Golgi (Bertolotti-Ciarlet et al., 2005). This is also similar for members of the 

orthohantavirus genus, which suggests a conserved mechanism across multiple 

Bunyaviridae families (Ruusala et al., 1992). 

 

For members of the Bunyaviridae family, evidence supports the Golgi apparatus 

as the site of ñvirus factoriesò, in which virus particles assemble, bud and mature 

(Salanueva et al., 2003). The model bunyavirus BUNV, is able to build factories 

surrounding the Golgi, consisting of virally induced tubular structures (Salanueva 

et al., 2003). These structures have both viral and cellular origins and appear to 

be involved in multiple aspects of the viral lifecycle including genome replication, 

transfer of RNPs to assembly sites and viral morphogenesis (Fontana et al., 

2008). Detection of components indicative of viral replication, such as dsRNA, 
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BUNV N and viral polymerase within these structures supported the role of these 

structures as viral factories.   

 

Egress of mature CCHFV virions is dependent on intact microtubules. 

Manipulation of microtubules using nocodazole (NOC) and paclitaxel (PAC) 

resulted in reduced egress of CCHFV, with less extracellular virus detected 

versus untreated controls (Simon et al., 2009). The role of microtubules was 

suggested to be in both CCHFV assembly and egress. The manipulation of 

microtubules with NOC, which disrupts microtubule assembly/disassembly, 

reduced levels of intracellular virus, indicating a requirement of intact 

microtubules in virus assembly. Conversely, treatment with PAC, which acts to 

stabilise microtubules, had no significant impact on intracellular virus levels, 

suggesting that when intact microtubules were available, virus assembly could 

proceed normally (Simon et al., 2009). CCHFV release has been shown to occur 

from the basolateral surface of polarised MDCK cells, with high titres detected 

released from the basolateral surface versus limited titres from the apical surface, 

indicating a preference for basolateral release (Connolly-Andersen, Magnusson 

and Mirazimi, 2007). However, the molecular mechanisms underpinning this 

preference are unknown, but may represent an interaction with a host cell protein, 

which are secreted in a polarised manner. 

 

1.4 Virally encoded proteins 

1.4.1 S segment 

The S segment of HAZV and CCHFV minimally encodes the viral nucleoprotein, 

with CCHFV also recently reported to express an additional NSs using an 

ambisense coding strategy (Barnwal et al., 2016). 

 

1.4.1.1 Structure of HAZV N and CCHFV N 

The structure of both CCHFV and HAZV N have been solved by multiple groups, 

including our own (Carter et al., 2012; Guo et al., 2012; Wang et al., 2012, 2015; 

Surtees et al., 2015). Both CCHFV and HAZV N display extensive similarities in 

structure, with two distinct domains, a globular domain and an arm domain 

(Figure 1.6, a-b). The globular domain of HAZV N is comprised of a central core 

of C-terminal helices a13 to a20, flanked by N-terminal helices a1 to a8. The arm 
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domain is comprised of two long helices, a11 and a12, with two supporting 

helices a9 and a10 (Surtees et al., 2015). The globular domain of CCHFV is 

formed from the central core of C-terminal helices a18 to a29 flanked by N-

terminal helices a1 to a11, with the arm domain formed again by two long helices 

a15 and a17 with a trio of supporting helices a12 to a14 (Carter et al., 2012; 

Wang et al., 2012, 2015). 

 

 

Figure 1.6, Comparison of the crystal structures of HAZV N and CCHFV N 

Comparison of the crystal structure of a) HAZV N and b) CCHFV N shows the high 
similarity between the two nairoviral nucleoproteins in structure of both arm and globular 
domains.  

 

The angle of the arm domain in relation to the globular domain is thought to be 

variable due to a flexible linker region between the two domains. In HAZV N the 

two domains are linked by an alpha helix, a13, and an additional disordered loop 

formed of residues 187 to 196 (Surtees et al., 2015). The flexible nature of the 
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arm domain is perhaps displayed most evidently in the crystal structures of 

CCHFV N, all three solved structures, arising from the IbAr10200, Baghdad-12 

and YL04057 strains, present the arm domain in a different orientation (Carter et 

al., 2012; Guo et al., 2012; Wang et al., 2015). These variable positions may have 

functional implications, such as the ability of N to bind RNA. 

 

During formation of the RNP, monomers of the HAZV N and CCHFV N interact 

with other monomers forming oligomers. For HAZV N, 6 residues have been 

identified in this interaction on the arm domain; Leu279, Trp 263, Lys 275, Val271, 

Glu270 and Phe216 and a single residue on the globular domain; Pro355 

(Surtees et al., 2015). The proline residue from the globular domain sits within a 

hydrophobic pocket formed by the 6 residues on the arm domain. This style of 

interaction between arm and globular domains is also observed in CCHFV N 

oligomers, suggesting this interaction may be responsible for the formation of 

long helical chain oligomers of N that may have functional relevance to their role 

in RNP formation (Wang et al., 2012). It is unknown as to whether N binds RNA 

or forms oligomers first during the formation of the RNP. The RNA binding 

potential of both HAZV N and CCHFV N has been explored. Plotting of the 

surface electrostatic potential of HAZV N identified multiple regions of positive 

charge, with two significant areas; a platform located adjacent to the arm domain 

and a crevice on the opposite face of the protein, extending inwards and offering 

protection against degradation for any RNA sequestered within it (Surtees et al., 

2015). Comparisons with CCHFV show conservation of the platform and pocket 

regions (Carter et al., 2012; Wang et al., 2015). Given the flexible nature of the 

arm and the proximity of the platform to the arm domain, it is possible the flexibility 

of the arm may act as a ñgateò mechanism, regulating the binding of RNA and 

formation of RNPs. Despite identifying the potential regions RNA could bind, an 

electrophoretic mobility shift assay, which assess DNA/RNA: protein interactions, 

showed weak affinity of CCHFV for a 24 nucleotide ssRNA fragment (Guo et al., 

2012). However, as this study utilised purified monomeric CCHFV N; it is possible 

either CCHFV N oligomers bind RNA more readily. Furthermore, the 

complementarity of the 5ô and 3ô NTRs suggests an interaction resulting in 

formation of a dsRNA panhandle structure that circularises the vRNA is possible. 

In vitro analysis of the ability of CCHFV to bind to this dsRNA structure 
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demonstrated a high affinity interaction specifically between the stalk domain of 

CCHFV N and vRNA panhandle, with CCHFV N able to bind to both HAZV and 

CCHFV vRNA, but not vRNA from the related Andes virus of the Hantavirus 

genus (Jeeva et al., 2019). 

 

1.4.1.2 Additional roles of HAZV N and CCHFV N 

In addition to the formation of RNPs, as described in section 1.4.1, previous 

research has identified both HAZV N and CCHFV to express caspase-3 cleavage 

motifs, 269DQVD272 and 266DEVD269 respectively, located on the tip of the arm 

domain on a flexible loop that links the two helices. The exact biological role of 

this motif is unclear, however in-vitro analysis of purified active caspase-3 with 

purified HAZV N or CCHFV N demonstrated the ability of N to be cleaved into 

two products of approximate mass 20 and 32 kDa (Carter et al., 2012; Wang et 

al., 2012; Surtees et al., 2015). It is therefore expected that N acts a substrate 

decoy in a similar manner to the Junin nucleoprotein, which via expression of 

multiple caspase motifs is able to reduce levels of caspase 3 cleavage and 

thereby delay progression of apoptosis (Wolff, Becker and Groseth, 2013). 

Interference with immune system pathways is a tactic employed by many viral 

families, multiple viruses have evolved mechanisms to both promote or down-

regulate the induction of apoptosis. For viruses that delay apoptosis, examples 

include inhibition of the pro-apoptotic tumour-suppressor p53 by the DNA virus 

SV40 and the direct inhibition of effector caspases by baculovirus p35 protein, 

which following cleavage remains irreversibly bound to the active site of the 

caspase (Zhou et al., 1998; Ali and DeCaprio, 2001). 

 

In addition to interacting with host cell proteins, HAZV N and CCHFV N, alongside 

other Bunyavirales members, have been shown to interact with cellular nucleic 

acids. CCHFV N has previously been shown to display intrinsic nuclease activity 

in the presence of Mn2+, Co2+ or Mg2+ cations on both single and double stranded 

DNA, in a sequence nonspecific manner. This nuclease activity was specific to 

DNA, as attempts to digest single or double stranded RNA were unsuccessful. 

Responsible amino acids for this activity were identified as Y374, R384, E387, 

K411, H453 and Q457 via site-directed mutagenesis, each with variable 

significance of impact on the endonuclease activity (Guo et al., 2012). These 
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residues sit within a positively charged pocket in the globular domain of CCHFV. 

Further structural analyses on HAZV, Kupe virus (KUPV) and Erve virus (ERVEV) 

all identified similar positively charged pockets, however in ERVEV a loop region 

folds over the entrance to the pocket, blocking solvent access. This structural 

blockade correlated with endonuclease activity, both KUPV and HAZV displayed 

similar levels of endonuclease activity to CCHFV, whilst ERVEV demonstrated 

significantly lower enzymatic activity (Wang et al., 2012). 

 

In addition to N, the S-segment of CCHFV has also recently been reported to 

express a second protein, NSs (Barnwal et al., 2016). The ORF of CCHFV NSs 

expresses a 150 amino acid product coded in a positive sense, overlapping the 

ORF of CCHFV N. Ectopic expression of CCHFV NSs resulted in activation of 

apoptotic pathways, with the detection of the characteristic apoptotic makers 

active caspase 3/7 and cleaved poly(ADP-ribose) (PARP). Mutagenesis of NSs 

determined the residues responsible for apoptosis activation to be Leu127 and 

Leu13, which triggered apoptosis via association with the mitochondrial 

membrane and disruption of the membrane potential, resulting in the release of 

cytochrome C into the cytoplasm. No such evidence exists for expression of NSs 

in HAZV, however an ORF in a similar position does exist and could present an 

interesting study to identify if NSs expression is a shared feature between these 

viruses.  

 

Expression of NSs is not unique to CCHFV within the Bunyavirales. The type 

species of the family, bunyamwera virus (BUNV) NSs is required for efficient 

BUNV replication in mosquito cells (Szemiel, Failloux and Elliott, 2012). BUNV 

NSs also counteracts the immune response, via delaying interferon regulatory 

factor 3 mediated apoptosis, preventing cell death in the early stages of BUNV 

infection (Kohl et al., 2003). Rift Valley Fever Virus (RVFV) NSs also interacts 

with cellular factors, with the ability to shut off host cell transcription via interaction 

with the transcription factor IIH (Le May et al., 2004). For non-human viruses, 

members of the Tospoviridae also express an NSs. Tomato spotted wilt 

orthospovirus (TSWV) encodes NSs using an ambisense strategy and has been 

identified as a virulence factor both in host plant cells and the insect vector. TSWV 

NSs is injected into plants in the saliva of infected thrips, where it interferes with 
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the RNA silencing or antiviral RNAi response (Kormelink et al., 1991; Nagata et 

al., 1999).  

 

1.4.2 M segment 

The M segment encodes the GPC, a large, 1689 amino acid polyprotein that is 

processed via complex post-translational modifications to yield the structural 

glycoproteins Gn and Gc and in the case of CCHFV, the non-structural 

glycoproteins GP160, GP85, GP38 and NSm, GPmuc and proGc (Figure 1.7, a) 

(Sanchez, Vincent and Nichol, 2002; Sanchez et al., 2006; Altamura et al., 2007). 

It was reported that HAZV encodes three structural glycoproteins within the GPC 

of apparent molecular weights 84, 45 and 30 kDa, however this has not been 

confirmed since (Foulke, Rosato and French, 1981). 

 

1.4.2.1 GPC processing  

The GPC is heavily glycosylated to facilitate cleavage by host cell proteases to 

yield the structural and non-structural products. This enables members of the 

proprotein convertase family of serine proteases to process the GPC (Bergeron, 

Vincent and Nichol, 2007). The N-terminal region of the GPC contains a signal 

peptide that directs synthesis to the secretory pathway. The exact termini of this 

signal peptide are strain specific, with signalase cleavage predicted to occur in 

the region of amino acids 21-27, dependant on strain (Sanchez, Vincent and 

Nichol, 2002). The signal peptide is located within a highly variable mucin-like 

domain (MLD). The MLD of CCHFV, strain Matin, is encoded by amino acids 1-

248, the five C-terminal residues of this domain (243-248) are highly variable in 

relation to the remainder of the M ORF, with 23.8 to 56.4% amino acid difference 

among strains, resulting from a nucleotide variability of 14.3 to 37.2% (Papa et 

al., 2002; Sanchez, Vincent and Nichol, 2002). The signal peptide is predicted to 

be aa 1 to 24 and is removed in the secretory pathway (Sanchez, Vincent and 

Nichol, 2002). Complete processing of the CCHFV GPC requires multiple cellular 

proteases and extensive co- and post-translational modifications. Further 

sequence analysis of the GPC revealed 5 transmembrane domains and 10 N-

linked glycosylation sites, with 3 present in Gc, 1 present in Gn, 2 in GP38 and 4 

in the above mentioned MLD (Sanchez, Vincent and Nichol, 2002).  
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A series of primary cleavage events to the GPC generate preGn, NSm and preGc. 

These occur close to the 2nd and 4th transmembrane domain and are reported to 

be due to the action of intramembrane cleaving proteases (iCLIPs) (Sanchez, 

Vincent and Nichol, 2002; Altamura et al., 2007) (Figure 1.7, a). These products, 

preGn, NSm and preGc, are then trafficked to the Golgi where the MLD of preGn 

is O-glycosylated and subsequently cleaved early in the secretory pathway, either 

in the ER or on route to the cis-Golgi, by the subtilisin kexin isozyme-1/site-1 

proteases (SKI-1/S1P) at a specific RRLL motif generating GP160/85 and Gn 

(Vincent et al., 2003) (Figure 1.7, b). The protease responsible for the cleavage 

event resulting in generation of mature Gc from preGc is unknown, however the 

presence of the motif RKPL, which is the responsible cleavage site of the 

Guanarito arenavirus by SKI-1/S1P, suggests a similar protease may act on 

CCHFV preGc (Rojek and Kunz, 2008). GP160/85 is processed further in the 

trans-Golgi network (TGN) by furin at a RSKR motif located between the GP38 

and MLD (Figure 1.7, b) (Sanchez, Vincent and Nichol, 2002; Bergeron et al., 

2015).  
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Figure 1.7, Processing of the CCHFV glycoprotein precursor by cellular proteases 

a) CCHFV GPC is expressed as a 1689 amino acid polyprotein from which all structural 
and non-structural glycoproteins are derived. Primary cleavage of GPC is a result of the 
action of iCLIPs and signal peptidases (red arrows). b) Primary cleavage generates the 
non-structural intracellular preGn, NSm and preGc proteins. Cleavage by SKI-1/S1P 
(green arrow), SKI-1/S1P-like (black arrow) and furin (blue arrow) yields the structural 
proteins Gc and Gn, non-structural secreted proteins GP160/85 and GP38 and the 
uncharacterised GPmuc and proGc proteins. 

 

1.4.3 L Segment 

The L segments of HAZV and CCHFV are both approximately 12 kb in length, 

containing a 11835 nucleotide ORF, a 76 nucleotide 3ô NTR and a 253 nucleotide 

5ô NTR (Kinsella et al., 2004). The ORF encodes a polyprotein approximately 448 

kDa, making it significantly larger than related bunyavirus L proteins (Honig, 

Osborne and Nichol, 2004). 

 



27 

 

The N terminal region of the RdRp encodes a functional ovarian tumor (OTU)-

like protease domain, with additional roles in deubiquitination and immune 

evasion (Frias-Staheli et al., 2007). This OTU domain was shown to be 

dispensable for RNA replication in a minigenome system, but was essential for 

recovery of infectious virus, explained in more detail in section 1.5 (Bergeron et 

al., 2010; Scholte et al., 2017). This domain was further identified to suppress the 

cellular immune response by acting as an IFN antagonist, following studies 

identifying the RdRp bound to interferon stimulated gene (ISG) 15 and ubiquitin 

(James et al., 2011). 

 

At the time of writing, no full length orthonairovirus L protein structure has 

successfully been solved by x-ray crystallography. The polymerase of the related 

LACV was solved by electron microscopy and x-ray crystallography, complexed 

with the 5ô and 3ô NTRs (Gerlach et al., 2015). Interestingly, despite the 

complementary nature of the terminal 9 bases of the 5ô and 3ô NTRs, the solved 

structure showed the 5ô NTR forming a stem-loop structure and binding to the 

RdRp in a distinct location to the 3ô NTR, in a similar manner previously identified 

for influenza virus (Pflug et al., 2014). Binding of the NTRs to the polymerase in 

this way, rather than using complementary Watson-Crick base pairing to form a 

ñpan-handleò structure between 5ô and 3ô NTRs suggests an alternative 

mechanism for circularisation of RNPs in the Bunyavirales order. In addition, the 

structures of the Lassa and Machupo arenavirus polymerases have been solved 

and shown to display similar architecture to LACV and influenza virus 

polymerases (Peng et al., 2020).  

 

1.5 Nairoviral reverse genetics systems 

In classical, ñforwardò, genetics the starting point is a mutant phenotype. 

Researchers work backwards from the phenotype and identify the mutation 

responsible for it, thereby associating the phenotype to a gene. With reverse 

genetics, advances in recombinant DNA technologies and DNA sequencing 

enabled these forward genetics approaches to be reversed, allowing a 

researcher to begin with a gene of interest, insert mutations within it and analyse 

gene function from the resulting phenotype. Due to the reversion of classical 

genetics, this approach has been termed ñreverse geneticsò. This approach can 
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be applied to virology to understand the role of viral genes and non-coding 

regions during replication, immune evasion and additional host-pathogen 

interactions. Reverse genetics systems are especially useful in uncovering the 

basics of viral genome transcription, replication, assembly and egress, whilst also 

permitting mutational analysis and the development of reporter viruses. 

Minigenome systems have been developed for multiple bunyaviruses, namely, 

BUNV, Uukuniemi virus, Hantaan virus, RVFV and LACV (Dunn et al., 1995; Flick 

and Pettersson, 2001; K. Flick et al., 2003; Klemm et al., 2013). 

 

For HAZV and CCHFV, a number of different reverse genetics systems exist. For 

CCHFV, a minigenome system, virus-like particle (VLP) system and infectious 

clone system have all been reported and used to uncover detailed information 

surrounding CCHFV replication that will be discussed further in the following 

sections (Bergeron et al., 2010, 2015; Devignot et al., 2015; Zivcec et al., 2015). 

For HAZV, at the outset of this project, no minigenome, VLP or infectious clone 

systems had yet been described. However, in 2019 a minigenome system was 

successfully developed and reported for HAZV, allowing detailed study into viral 

transcription (Matsumoto et al., 2019). 

 

1.5.1 Minigenome system 

Minigenome systems for negative sense viruses use a genome-like reporter RNA 

flanked by viral NTRs encapsidated by N, allowing recognition and transcription 

by the viral RdRp. The minigenome system therefore enables study into gene 

expression and genome replication. As the viral coding regions are replaced with 

reporters, the system is non-infectious and as such can be used in low 

containment facilities. 

 

The first report of a CCHFV minigenome system was published in 2003, where 

the CCHFV S segment was transcribed by pol I and rescued via coinfection with 

a helper virus. This reporter encoding S segment was also packaged into CCHFV 

virions, representing the first recombinant CCHFV system (R. Flick et al., 2003). 

A more comprehensive CCHFV minigenome system was developed in 2010, 

where CCHFV coding regions for S, M and L segments were replaced with eGFP 

and Gaussia luciferase coding regions. Initially, the viral NTRs flanking the 
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reporters were found to contain sufficient signals for transcription, replication and 

packaging, following superinfection of BSR-T7/5 cells with CCHFV following 

transfection of the minigenome reporter. This initial study using a helper-virus 

also identified a gradient in efficiencies between the CCHFV S, M and L segment 

NTRs, with L having the highest and S the lowest signal (Bergeron et al., 2010). 

Further developments of the system in the same study removed the requirement 

of the helper virus. Transfection of the CCHFV RdRp and CCHFV N, as opposed 

to a superinfection, alongside the S, M or L minigenome RNAs showed the 

segment specific NTRs supported similar levels of replication, suggesting the 

gradient in signal observed with the earlier superinfection was linked to variable 

packaging efficiencies across the segment specific NTRs (Bergeron et al., 2010). 

The minigenome system also demonstrated its use in screening anti-viral 

compounds that affect the genome replication phase of infection. Ribavirin, 

previously described in section 1.1.6, was shown to have a dose dependent 

inhibitory effect on CCHFV in cell culture models (Bergeron et al., 2010).  

 

The HAZV minigenome system, in which the HAZV coding regions for the S, M 

and L segments were replaced by Renilla luciferase, was first described in a study 

exploring the role of complementarity and sequence in NTRs during viral 

transcription (Matsumoto et al., 2019). The study identified that in addition to the 

terminal 9-11 nucleotides, termed promoter element (PE) 1, a second region 

directly adjacent to PE1 was also required for efficient transcription. This region, 

termed PE2, contains an initial region of non-complementary bases at positions 

12 to 15/16 from the genome end, followed by a region of at least 9 

complementary bases. Mutational analysis identified the non-complementary 

region to be critical, with the 3ô and 5ô ends independently changed to give 

complementary base pairing with the opposite end resulting in severely reduced 

reporter signal. Furthermore, the region of complementarity following this initial 

region was shown to be both sequence and complementarity specific (Matsumoto 

et al., 2019). This revealed a significant difference between NTRs of the 

Nairoviridae and other Bunyaviruses, in which no region of ssRNA exists 

following PE1. It is hypothesised that this ssRNA region enables flexibility 

between PE1 and the dsRNA sequence of PE2, potentially enabling it to bind to 

an additional RNA binding site on the RdRp.  
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Figure 1.8, CCHFV minigenome system schematic 

The CCHFV minigenome system comprises of a reporter encoded on a minigenome 
plasmid and three support (ñhelperò) plasmids, L, NP and T7 encoding the viral 
polymerase, nucleoprotein and T7 RNA polymerase downstream of an RNA pol II 
promoter. The minigenome plasmid encodes a reporter, such as NanoLuc, Renilla or 
Gaussia luciferase flanked by the 5ô and 3ô viral non-translated regions (NTRs) from 
either the S, M or L genome segment. Co-transfection of support plasmids provides the 
corresponding viral proteins for transcription of vRNA from the minigenome plasmid. This 
vRNA is encapsidated by viral proteins expressed from the support plasmids into 
genomic RNPs that permit transcription of mRNA and its translation into the reporter 
protein capable of generating a luminescent signal that can be detected. 
 
Figure adapted from (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/) 
 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/
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1.5.2 VLP system 

The VLP system expands upon the principles of the minigenome system by co-

expression of viral glycoproteins alongside the viral NTR flanked reporter RNA 

sequences, viral N and polymerase. This leads to self-assembly of 

transcriptionally competent VLPs that can be internalised into fresh cells, allowing 

study of assembly, attachment and entry processes.  

 

Whilst no such system currently exists for HAZV, a CCHFV VLP system was 

described in 2015 (Devignot et al., 2015). Using the previously established 

minigenome system as a basis, the secreted Gaussia luciferase previously used 

was exchanged for Renillia luciferase due to its suitability for a VLP system. 

Additionally, passage of the VLP system through cells expressing N, the RdRp 

and GPs allows propagation of the VLP stocks alongside examination of genome 

replication, secondary transcription, particle assembly and release. The VLP 

system was employed in this study to identify the endonuclease domain of the 

CCHFV RdRp involved in cap snatching for mRNA during mRNA transcription. 

Substitution of D693 to an inactive alanine prevented the synthesis of mRNA, 

whilst still permitting genome replication and assembly of RNPs (Devignot et al., 

2015). 

 

A follow up study describing an improved VLP system in 2015 built upon the 

original CCHFV VLP system, but incorporated NanoLuc as the reporter and 

utilised codon-optimised support plasmids for the RdRp and GPs (Zivcec et al., 

2015). Rather than try to gain knowledge of CCHFV replication, this study utilised 

the VLP system to screen antiviral drugs and neutralising antibodies in a high-

throughput manner. Neutralisation of CCHFV VLPs by mAbs could differentiate 

strain specific and broad acting mAbs with varying effectiveness, whilst small 

compound inhibitors such as ribavirin and chloroquine demonstrated more 

consistent inhibition between the two compounds (Zivcec et al., 2015). The ability 

to screen CCHFV inhibitors for multiple stages of virus replication, without the 

use of high containment facilities, is an obvious advantage of the VLP system. 
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Figure 1.9, CCHFV virus-like particle system schematic 

The CCHFV virus-like particle system is composed of the minigenome plasmid, encoding 
a reporter flanked by non-translated regions (NTRs) from either S, M or L segments, and 
four support (ñhelperò) plasmids. The support plasmids encode the T7 RNA polymerase 
and viral nucleoprotein, RNA dependent RNA polymerase (RdRp) and glycoprotein 
precursor (GPC) downstream of an RNA pol II promoter. These viral proteins and T7 
RNA polymerase drive transcription of vRNA from the minigenome plasmid, which is 
subsequently encapsidated in N and a copy of the RdRp to form genomic RNPs. 
Translation of mRNAs expressed by support plasmids yields the required proteins for 
packaging genomic RNPs into VLPs capable of infecting recipient cells. Following 
infection, the genomic RNPs are released into the cytoplasm and express the 
minigenome, resulting in generation of a luminescent signal from the encoded reporter. 
 
Figure adapted from (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/) 

 

1.5.3 Infectious clone 

The CCHFV infectious clone system permits the recovery of infectious 

recombinant CCHFV (rCCHFV), meaning all precautions and high containment 

facilities associated with working with CCHFV are required. The infectious clone 

system represents the most comprehensive model available for study of the viral 

replication cycle, as the produced recombinant virus must minimally complete all 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/
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the basic stages of CCHFV replication for successful recovery of virus. However, 

introduction of a mutation that prevents completion of any critical stage will 

prevent recovery of the virus, with no indication as to which stage the mutation 

interrupted. In these cases, the systems described in sections 1.5.1 and 1.5.2 

can be used to elucidate the effects on individual stages.   

 

rCCHFV was recovered in 2015, via transfection of plasmids expressing positive 

sense RNAs associated with the full length S, M and L segments in combination 

with codon optimised expression plasmids for N and the RdRp (Bergeron et al., 

2015). The system was used to explore non-structural glycoprotein processing 

during CCHFV infection by substitution mutagenesis of the furin-like proprotein 

convertase RSKR cleavage site to a cleavage resistant ASKA motif. Increased 

WT rCCHFV production was observed in furin expressing cells over the cleavage 

deficient ASKA mutant. This suggested that whilst furin cleavage at the RSKR 

was not essential for rCCHFV recovery, it  enhanced virion production (Bergeron 

et al., 2015). The ability to recover viruses from cloned complementary DNA 

allows such precisely determined genomic sequences to be incorporated into 

infectious virions with relative ease. Whilst this technology exists for CCHFV, 

there is no similar system for any member of the Nairoviridae that can be used at 

BSL-2 conditions, including HAZV. 
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Figure 1.10, CCHFV infectious clone system schematic 

The CCHFV infectious clone system comprises of 3 plasmids, each containing the entire 
sequence from one of the S, M and L genome segments and 3 support (ñhelperò) 
plasmids encoding the T7 RNA polymerase, viral nucleoprotein and RNA dependent 
RNA polymerase (RdRp) downstream of a T7 RNA pol II promoter. Following 
transfection of all plasmids, T7 polymerase drives transcription of the genomic plasmid 
generating cRNA which is subsequently encapsidated by viral proteins, encoded on the 
support plasmids, into antigenomic RNPs. Antigenomic RNPs form a template for 
replication of genomic RNPs which assemble with viral proteins to form infectious virions. 
 
Figure adapted from (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/) 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4848600/
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1.6 Apoptotic response to HAZV / CCHFV infection 

Apoptosis forms a key part of the immune response against a variety of 

physiological and pathophysiological stimuli, including viral infection. It permits 

regulation of the immune response by deletion of self-killing immune cells through 

cytotoxic killing (Ekert and Vaux, 1997). Two distinct apoptotic pathways have 

been described, the intrinsic pathway, which is activated by intracellular stimuli 

and the extrinsic pathway, which is activated by extracellular stimuli. Both intrinsic 

and extrinsic pathways ultimately result in disruption of the mitochondrial 

membrane, permitting the release of pro-apoptotic proteins such as cytochrome 

c (Liu et al., 1996). Release of cytochrome c, alongside others, leads to activation 

of caspases, a family of cysteine proteases. Two groups of caspases exist initially 

as inactive pro-caspases, the initiator pro-caspases 8, 9 and 10, which function 

to activate the second family of executioner pro-caspases 3, 6 and 7 through 

cleavage. Activation of executioner caspases triggers the execution phase of 

apoptosis, which results in cell death as a result of cleavage of cellular substrates 

such as PARP by caspase 3. PARP plays a critical role in a number of essential 

cellular processes such as DNA repair, transcription and replication (Morales et 

al., 2014). Therefore, cleavage of PARP by caspase 3 can act as a useful 

biomarker for apoptotic activity through generation of unique PARP fragments. 

 

Viruses must employ mechanisms to subvert or delay the apoptotic response to 

complete their replication cycles. The baculovirus p35 protein, following a 

cleavage event, is able to bind irreversibly to the active site of caspases, 

preventing further progress of the apoptotic pathway (Zhou et al., 1998). Within 

the Bunyavirales, LACV and BUNV also regulate apoptosis at an early stage 

through expression of NSs (Kohl et al., 2003; Blakqori et al., 2007). CCHFV 

infection has previously been reported to induce apoptosis in mammalian cell 

lines, with detectable activation of the executioner caspase 3 (Karlberg, Tan and 

Mirazimi, 2011). Furthermore, caspase mediated cleavage of CCHFV N has been 

shown to occur at a conserved DEVD motif on the apex of the arm domain by 

multiple groups (Karlberg, Tan and Mirazimi, 2011; Carter et al., 2012; Wang et 

al., 2012). Expression of active caspase 3 and detection of DNA fragmentation 

can be detected 48 hours post-infection with CCHFV, with levels rising to 72 

hours at which point visible cytopathic effect (CPE) was observed. Whilst the 
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exact mechanism in which CCHFV triggers apoptosis is unclear, infection with 

UV-inactivated CCHFV failed to illicit an apoptotic response, suggesting induction 

was replication dependent. CCHFV induced ER stress, as indicated by activation 

of the unfolded protein response, may also be responsible for activation of the 

intrinsic apoptotic response (Rodrigues et al., 2012). It is likely that CCHFV 

infection induces apoptosis through multiple pathways and therefore must be 

able to modulate these induced pathways in order to complete the replication 

cycle prior to cell death. 

 

1.7 Project aims 

Reverse genetics systems, such as those involving the generation of an 

infectious clone, facilitate and accelerate research of the target organism. 

Previously, a rescue system for the highly pathogenic CCHFV was established, 

though due to the high containment facilities required, the usefulness of such a 

system is limited. Such a system in HAZV would prove invaluable to nairovirus 

research, with no current infectious clone systems available for a BSL-2 member 

of this family. Therefore, the initial aim of the project was to develop an infectious 

clone system for HAZV, to act as a model system for CCHFV.  

 

Following development of an infectious clone system for HAZV, the aim was to 

utilise the system to increase knowledge and understanding surrounding 

nairoviral replication. Previous infectious clone systems have incorporated 

reporter genes to facilitate live-cell imaging, which could prove a useful means of 

screening potential therapeutics. The ability of the infectious clone system to 

identify critical residues involved in virus replication, due to their inability to be 

recovered following knockout mutagenesis, would also provide valuable insight 

into the roles of the viral proteins in virus replication. In this sense, a further aim 

of the project was to utilise the infectious clone system to further our 

understanding of the HAZV N interaction with caspases. By creation of a panel 

of mutants in which the caspase site was altered, the requirement of the DQVD 

motif, and additional caspase motifs present on HAZV N, during viral replication 

can be assessed. 
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The final aim of the project was to design and subsequently validate the 

development of a reporter strain of HAZV expressing eGFP. As with the WT 

infectious clone system, no such reporter system exists for a BSL-2 nairovirus 

member and would prove invaluable in high-throughput screening, such as 

antivirals. In regards to this project, the system was designed in order to screen 

a large panel of host factors involved in entry, in order to identify those utilised by 

HAZV. 

 

In summary, the aims of this project were to develop an infectious clone system 

for HAZV, then modify it to increase our understanding of HAZV replication, via 

mutagenesis of conserved regions of interest, or gain of function mutations such 

as incorporation of reporter genes.  
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2 Materials and methods 

2.1 Materials 

2.1.1 Vectors 

Full-length cDNAs representing the S, M, and L segments were synthesized by 

R. A. Surtees (Genewiz) using the HAZV strain JC280 (GenBank accession 

numbers M86624.1, DQ813514.1, and DQ076419.1, respectively) as reference 

and were incorporated into the pMK-RQ plasmid, resulting in the generation of 

pMK-RQ-S, pMK-RQ-M, and pMK-RQ-L, respectively, able to express S, M, and 

L segment-specific RNAs. Modifications were performed upon receipt as per 

section 2.2.1 to remove an additional unrequired promoter. The T7 polymerase 

expressing pCAG-T7pol (Addgene plasmid number 59926) was a gift from Ian 

Wickersham. The eGFP-P2A containing pUC57-Kan-eGFP-P2A was 

synthesized and purchased (Genewiz), prior to insertion into pMK-RQ-S. 

Sequences for all plasmids can be found in appendix 1.1. 

 

2.1.2 Bacterial cell lines 

Plasmid DNA constructs were amplified through competent Escherichia coli (E. 

coli) cells. Strains used were either DH5alpha (New England Biolabs) for work 

involving pMK-RQ-S or JM109 cells (Promega) for work involving pMK-RQ-M and 

pMK-RQ-L. 

 

2.1.3 Mammalian cell lines 

SW13 cells, derived from a human adrenal cortex carcinoma line, were used in 

experimental procedures and for propagation of viral stocks. BSR-T7 cells, 

derived from a baby hamster kidney cell line that constitutively express T7 

polymerase, were used in transfections. A549 cells, derived from the human 

alveolar basal epithelium, were used in experimental procedures. Huh7 cells, 

derived from a human hepatocellular carcinoma line, we used in experimental 

procedures. 
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2.1.4 Tick cell lines 

HAE/CTVM9 cells, derived from the tick Hyalomma anatolicum, were used in 

experimental procedures and were a kind gift from Dr Lesley Bell-Sakyi, The 

University of Liverpool. 

 

2.1.5 Hazara virus strain 

The HAZV strain JC280 used in this project was supplied as an infectious cell 

culture supernatant from Dr Emma Punch. Sequences of the cRNAs associated 

with this strain for the S, M and L segments are available from GeneBank with 

the respective accession numbers; M86624.1, DQ813514.1, DQ076419.1 

 

2.2 General methods 

2.2.1 Manipulation of recombinant DNA 

2.2.1.1 Bacterial transformations 

For DH5alpha cells, both plasmids and cells were thawed on ice immediately 

prior to transformation. 5 ng of plasmid was added to 50 ɛl of DH5alpha cells and 

incubated on ice for 30 minutes. The transformation mixture was then heat 

shocked at 42 C̄ for 30 seconds. Eppendorf tubes were then cooled on ice for 2 

minutes before 450 ɛl of 37 C̄ SOC media was added to each reaction. The 

transformation mixture was then incubated at 37 C̄ for 1 hour with shaking. The 

mixture was then split into 20 ɛl and 100 ɛl aliquots to spread on antibiotic 

selective kanamycin / ampicillin LB media plates and incubated overnight at 37 

C̄. 

 

For JM109 cells, both plasmid and cells were thawed on ice immediately prior to 

transformation. 100 ng of plasmid DNA was added to 65 ɛl of JM109 cells and 

incubated on ice for 30 minutes. The transformation mixture was then heat 

shocked at 42 ÜC for 30 seconds. Eppendorfôs were then cooled on ice for 2 

minutes before 300 ɛl of room temperature LB broth was added to each reaction. 

The transformation mixture was then incubated at 30 ºC for 1 hour with shaking. 

The mixture was then split into 300 ɛl and 50 ɛl aliquots to spread on antibiotic 

selective kanamycin / ampicillin LB media plates. Plates were then incubated 

overnight at 30 ºC. 
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2.2.1.2 Starter cultures 

Single colonies were picked from antibiotic selective LB plates and used to 

inoculate 5 mL LB broth containing the appropriate antibiotic (kanamycin 50 

ɛg/mL or ampicillin 50 ɛg/mL). Cultures were incubated at 30C̄ for 8 hours with 

shaking. These were then scaled up to either 10 mL (mini-prep), 50 mL (midi-

prep) or 100 mL (maxi-prep) cultures and incubated overnight at 30 C̄ or 37 C̄ 

for JM109 and DH5alpha cell lines respectively. 

 

2.2.1.3 Plasmid DNA amplification 

Overnight cultures of 100 mL LB with kanamycin at a concentration of 50 ɛg/mL 

were pelleted by centrifugation at 5000 rpm for 15 minutes. A Plasmid Miniprep, 

Midiprep or Maxiprep kit (Qiagen) was used to isolate the plasmid DNA from the 

pelleted bacteria according to the manufacturerôs protocol, where isolation of 

plasmid DNA is based on the alkaline lysis method followed by isopropanol 

precipitation. Concentration of plasmid DNA was identified following elution in 

ddH2O using a NanoDrop 1000 (Thermo Scientific) by spectrophotometry. 

 

2.2.1.4 The polymerase chain reaction (PCR) 

Following first strand synthesis of extracted viral RNA, sequences of interest were 

amplified by PCR to permit sequencing confirmation of mutations in recovered 

virus. PCR reactions were performed in a 25 ɛL reaction volume using the Q5 

High-Fidelity 2X Master Mix (New England Biolabs), containing 25 ng template 

DNA, and 0.5 ɛM forward and reverse primers. Reaction cycles were carried out 

as follows; initial denaturation at 98 C̄ for 5 minutes, 35 cycles of denaturation at 

98 C̄ for 10 seconds, primer annealing at 50-72 C̄ (primer specific) for 30 

seconds, extension at 72 C̄ for 30 s/kb, then a final extension at 72 C̄ for 2 

minutes. PCR products were then purified using the Monarch® PCR & DNA 

Cleanup Kit (New England Biolabs) according to manufacturersô instructions.  

 

2.2.1.5 Reverse transcription quantitative PCR (RT-qPCR) 

RNA was harvested from cells of interest via Trizol extraction. Briefly, cells were 

washed in nuclease free phosphate buffered saline (PBS) then resuspended in 
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TRI reagentÊ (Invitrogen), chloroform was then added, mixed vigorously and left 

at room temperature for 2 minutes. Samples were centrifuged at 12,000 g and 

the resulting aqueous phase was collected and added to isopropanol to 

precipitate RNA for 5 minutes at room temperature. Samples were spun at 12,000 

g and the resulting pellet was washed in ice cold 75 % EtOH prior to resuspension 

in nuclease free H2O. qPCR was carried out using the One step MESA GREEN 

qRT-PCR MasterMix for SYBR® Assay (Eurogentec) according to the 

manufacturerôs instructions, with samples normalised to GAPDH expression. 

Primer sequences used can be found in Table 2.1. 

 

2.2.1.6 Agarose gel electrophoresis   

DNA was examined for quality and purity, or purified from 1 % agarose gels 

composed of 0.5 g agarose, 50 mL of 1 x TAE buffer (40 mM Tris-acetate, 1 mM 

ethylene-diamine-tetraacetic acid (EDTA)) and SYBR Safe DNA stain (Life 

Technologies) diluted 1:10,000. Samples were mixed with 6 X DNA loading dye 

(New England Biolabs) and ran alongside the Quick-load 2-Log DNA Ladder 

(New England Biolabs) at 110 V for 1 hour in 1 X TAE buffer 

 

2.2.1.7 Site directed mutagenesis 

Generation of mutant plasmids incorporating deletions, small insertions and/or 

substitutions was achieved using the Q5 site-directed mutagenesis kit (New 

England Biolabs), according to the manufacturerôs instructions, with all mutant 

plasmid sequences confirmed via sequencing (Genewiz). Primers used in 

generation of mutant sequences can be found in appendix 1.2. 

 

2.2.1.8 Restriction digests 

Restriction digests were carried out using the indicated restriction enzymes (New 

England Biolabs) using the manufacturerôs instructions. Briefly, 1 Õg of DNA was 

digested using 1 µL of restriction enzyme in a 50 µL total volume at 37°C for 1 

hour. Restriction digestion products were then purified via agarose gel 

electrophoresis followed by gel extraction using the NEB Gel extraction kit (New 

England Biolabs) as per the manufacturerôs instructions. 
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2.2.1.9 Ligations 

Ligations were carried out in 20 µL total reaction volumes containing: 3:1 molar 

ratio of insert: vector DNA, 1 x Ligase Reaction Buffer (30 mM Tris-HCl (pH 7.8), 

10 mM MgCl2, 10 mM DTT and 1 mM ATP; Promega) and 1 unit of T4 DNA 

Ligase (New England Biolabs). Ligase reactions were incubated at room 

temperature for 1 hour or 4 °C overnight, then transformed into DH5alpha cells. 

 

2.2.2 Cell culture methods 

2.2.2.1 Mammalian cell culture 

SW13, A549 and Huh7 cells were all maintained at 37 C̄ with 5 % CO2 in 

humidified incubators with Dulbeccoôs modified Eagleôs medium (DMEM, Sigma-

Aldrich) supplemented with 10 % foetal bovine serum (FBS, Invitrogen), 100 

IU/mL penicillin and 100 mg/mL streptomycin. Cell lines were passaged every 2 

to 3 days using trypsin-EDTA (Sigma) based on the level of confluency.  

 

2.2.2.2 Arthropod cell culture 

HAE/CTVM9 cells were maintained in L15 medium containing 20 % FBS, 10 % 

tryptose phosphate broth, 2 mM L-glutamine, 100 IU/mL penicillin and 100 µg/mL 

streptomycin at 30 C̄ and passaged as required every fortnight. 
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Primer Direction Sequence (5ô to 3ô) Supplier 

HAZV S segment  Forward CAA GGC AAG CAT TGC CAC AC IDT1 

HAZV S segment Reverse GCT TTC TCT CAC CCC TTT TAG GA IDT 

GAPDH  Forward TGT GGT CAT GAG TCC TTC CAC GAT Sigma Aldrich 

GAPDH Reverse AGG GTC ATC ATC TCT GCC CCC TC Sigma Aldrich 

COPA Forward CCA CTA TCA GAA TGC CCT ATA CC IDT 

COPA Reverse CCA CAA ACC CAT CTT CAT CC IDT 

COPB1 Forward ACA GAGA GAA AGA GGC AGC AGA IDT 

COPB1 Reverse GCA AGG TATA CAC TGG TTT GGT TC IDT 

COPB2 Forward GTG GGG ACA AGC CAT ACC TC IDT 

COPB2 Reverse GTG CTC TCA AGC CGG TAG G IDT 

Table 2.1, List of primers and associated sequences used in qPCR 

Table displays qPCR primers used during the project, detailing their sequences and supplier. 1Integrated DNA technologies. 
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2.2.3 Transfections 

2.2.3.1 TransIT-LT1 mediated transfection of BSR-T7 cells with a single 

plasmid 

Twelve-well plates were seeded with 1x105 BSR-T7 cells/well 1 day prior to 

transfection in 1 mL DMEM supplemented with 2.5 % FBS. 24 hours later, 

cells were transfected with 1 mg of the indicated cDNA and 2.5 ml Mirus 

TransIT-LT1 (Mirus Bio) transfection reagent per mg DNA in 200 mL Opti-MEM 

(Life Technologies) following a 20 minute incubation period at room 

temperature. Cells were then incubated at 37 ̄ C for 24 hours prior to collection 

of total cell lysate for analysis. 

 

2.2.3.2 TransIT-LT1 mediated transfection of BSR-T7 cells with WT 

rHAZV cDNAs 

Six-well plates were seeded with 2x105 BSR-T7 cells/well 1 day prior to 

transfection, 

in 2 mL DMEM supplemented with 2.5 % FBS, 100 U/mL penicillin and 100 

mg/mL streptomycin. 16 to 24 hours later, cells were transfected with a 

transfection mixture containing 1.2 mg pMK-RQ-S, pMK-RQ-M, and pMK-RQ-

L and 0.6 mg pCAG-T7pol, 2.5 ml Mirus TransIT-LT1 transfection reagent per 

microgram of DNA and 200 ml Opti-MEM. This transfection mixture was 

applied to cells following a 20 minute incubation of the mixture at room 

temperature. At 24 hours post transfection media containing the transfection 

mix was removed and replaced with fresh DMEM supplemented with 2.5 % 

FBS, 100 U/mL penicillin and 100 mg/mL streptomycin.  A control sample, in 

which transfection of pMK-RQ-L was omitted, was set up alongside each 

experiment as a negative control. Supernatant was harvested at 72, 96 and 

120 hours post transfection and examined for presence of virus. 

 

2.2.3.3 TransIT-LT1 mediated transfection of BSR-T7 cells with mutant 

rHAZV cDNAs 

For mutant recovery, the same transfection protocol was followed as 

described in section 2.2.3.2, with the mutated cDNA used in the place of the 
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corresponding WT cDNA. In addition to the negative control omitting pMK-RQ-

L, a full WT rHAZV recovery was carried out alongside each mutant recovery 

to provide a positive control. 

 

2.2.3.4 Reverse transfection of SilencerÊ Human Membrane Trafficking 

siRNA library 

The SilencerÊ Human Membrane Trafficking siRNA Library (Thermo Fisher 

Scientific, 0.25 nmol) was initially prepared prior to use. 96 well plates 

containing stock siRNAs were briefly centrifuged, reconstituted in 125 mL 

nuclease free H2O and mixed via thorough pipetting to generate a stock plate 

of 2 mM. Working stocks were prepared via combining 50 mL of the stock plate 

with 50 mL nuclease free H2O, diluting the stock 2 fold, in a 96 well plate, to 

achieve a working stock concentration of 1 mM (1 pmol / mL). Plates were 

stored at -80 C̄ for long term storage and number of freeze thaw cycles was 

recorded. 

 

Reverse transfection of the siRNAs was carried out as follows; trypsinised 

SW13 cells in DMEM containing 2.5 % FBS and 100 U/mL penicillin and 100 

mg/mL streptomycin were counted using a hemocytometer and used to make 

a cell suspension containing 1 x 105 cells/mL. A master mix containing 0.3 mL 

Lipofectamine® RNAiMAX reagent (Invitrogen) and 16.7 mL Opti-MEM per well 

as required was created and 17 mL of this master mix was pipetted into each 

well of a 96-well plate. 3 mL of working stock siRNA (1 mM) was pipetted into 

the transfection master mix and gently pipetted up and down to ensure good 

distribution and final concentration of 3 pmol of siRNA per well. 100 mL of the 

1 x 105 cell suspension was then applied per well, to give a final count of 1 x 

104 cells per well. Cells were incubated with the transfection mix for 24 hours 

at 37 C̄, then 60 mL of the media was removed and replaced with 140 mL of 

fresh DMEM containing 2.5 % FBS, 100 U/mL penicillin and 100 mg/mL 

streptomycin to dilute out any potential toxic effects of the siRNAs or 

transfection reagent. 6 hours post-dilution, media was removed and cells were 

washed in PBS prior to infection with rHAZV(eGFP) at a MOI of 0.25 in 100 
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mL of DMEM containing 2.5 % FBS, 100 U/mL penicillin and 100 mg/mL 

streptomycin.  

 

2.2.3.5 Reverse transfection of COPI specific siRNAs 

To validate the knockdown observed in the siRNA screen, siRNAs specific to 

COPA, COPB1 and COPB2 were purchased (Ambion) and reverse 

transfected into SW13 cells. Briefly, 75 pmol of siRNA was mixed with 4.5 mL 

Lipofectamine® RNAiMAX in 200 mL Opti-MEM and incubated at room 

temperature for 20 minutes. Following incubation, the transfection mix was 

added dropwise to a 6 well plate and overlaid with 2 mL of cell suspension 

containing 1 x 105 cells/mL in 2.5 % DMEM. 24 hours post transfection, media 

was changed to fresh 2.5 % DMEM for 6 hours then infected with rHAZV at a 

MOI of 0.1. 24 hours post infection lysates were collected for analysis via 

western blot or qPCR. 

 

2.2.4 Analysis of protein expression 

2.2.4.1 Preparation of whole cell lysate 

For preparation of cell lysates, monolayers were washed twice in ice-cold 

PBS, followed by incubation in ice-cold RIPA buffer (150 mM sodium chloride, 

1.0 % NP-40 alternative, 0.1 % SDS, 50 mM Tris [pH 8.0]) and agitated for 

120 s. Cells were then harvested via cell scraping and were transferred to 

prechilled Eppendorf tubes, after which lysates were centrifuged at 20,000 X 

g for 15 min to pellet insoluble material. Supernatant was then collected and 

stored at -20 C̄ prior to analysis 

 

2.2.4.2 SDS polyacrylamide gel electrophoresis (SDS PAGE) 

Proteins were separated on a 5 mL 12 % SDS-polyacrylamide resolving gel 

comprised of 4 mL 30 % bis-acrylamide, 2.5 mL 1.5 M Tris-HCl pH 8.8, 3.3 mL 

ddH2O, 100 mL 10 % SDS, 100 mL 10 % ammonium persulphate (APS), 10 mL 

TEMED and a 5 % stacking gel containing 0.83 mL 30 % bis-acrylamide, 0.63 

mL 1M Tris-HCl pH 6.8, 50 mL 10 % SDS, 50 mL 10 % APS and 5 mL TEMED. 

Protein samples were mixed 1:1 with 2 X denaturing sample buffer (60 mM 

Tris pH 6.8, 25 % (v/v) glycerol, 2 % (w/v) SDS, 5 % ɓ-mercaptoethanol, 0.01 
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% (w/v) bromophenol blue) supplemented with 50 mM DTT, then denatured 

via heating to 95 C̄ for 10 minutes immediately prior to loading. Samples were 

then loaded into gels alongside the Color Prestained Protein Standard, Broad 

Range (11-245 kDa) (New England Biolabs) ladder and electrophoresis was 

performed in SDS running buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) 

SDS) at 180 V for 1 hour. 

 

2.2.4.3 Western blot analysis 

Proteins were transferred from SDS PAGE gels (section 2.2.4.2) to 

fluorescence-compatible polyvinylidene difluoride (FL-PVDF) membranes 

(Millipore) using a Trans-Blot semi-dry cell (Bio-Rad) in Towbin buffer (25 mM 

Tris, 192 mM glycine, 20 % (v/v) methanol) for 1 hour at 15 V. FL-PVDF 

membranes were blocked in 1:1 Odyssey® Blocking Buffer in TBS, TBS (50 

mM Tris-HCl pH 7.5, 150 mM NaCl) for 1 hour at room temperature with gentle 

rocking. Blocking buffer was then replaced with primary antibody diluted to the 

appropriate concentration in 1:1 Odyssey® Blocking Buffer in TBS, TBS-T (50 

mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1 % Tween 20) for 1 hour at room 

temperature with gentle rocking. A full list of primary antibodies and associated 

concentrations used to detect immobilised proteins is provided in Table 2.2.   

 

FL-PVDF membranes were extensively washed in TBS, then incubated with 

the appropriate fluorescently labelled secondary antibody at a 1:10,000 

dilution under the same conditions as for the primary antibody incubations. FL-

PVDF membranes were washed three times in TBS-T, once in water, then 

fluorescently labelled secondary antibodies were directly visualised using a 

LiCor Odyssey Sa Infrared imaging system (LiCor). 
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Target Species Supplier Dilution 

Actin Mouse Sigma Aldrich 1:10000 

Caspase 3 Rabbit Cell Signaling Technologies 1:1000 

Caspase 7 Rabbit Cell Signaling Technologies 1:1000 

Caspase 9 Mouse Cell Signaling Technologies 1:1000 

Cleaved caspase 3 Rabbit Cell Signaling Technologies 1:1000 

Cleaved caspase 7 Rabbit Cell Signaling Technologies 1:1000 

Cleaved caspase 9 Rabbit Cell Signaling Technologies 1:1000 

Cleaved Poly ADP-ribose polymerase  Rabbit Cell Signaling Technologies 1:1000 

GAPDH Mouse GeneTex 1:10000 

Enhanced Green fluorescent protein (eGFP) Rabbit BioVision 1:1000 

Hazara nucleoprotein (HAZV N) Sheep In-house1 1:3000 

Poly ADP-ribose polymerase Rabbit Cell Signaling Technologies 1:1000 

Table 2.2, List of primary antibodies used during the project 

Table displays antibodies used during the project, detailing their targets, host species, supplier and dilution used at during 
experimentation. 1HAZV N was previously generated in-house by R. A. Surtees (Surtees et al., 2015). 
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2.2.4.4 Immunofluorescence microscopy 

Trypsinised SW13 cells were seeded onto 16 mm round glass coverslips (VWR) 

in a 12-well plate at 5 x 104 cells/well and incubated at 37 C̄. 16-24 hours later, 

cells were infected at a MOI of 0.1 in DMEM containing 100 U/mL penicillin and 

100 mg/mL streptomycin for 1 hour at 37 C̄. Following infection, media was 

removed and cells were washed in PBS, DMEM containing 2.5 % FBS, 100 U/mL 

penicillin and 100 mg/mL streptomycin was then applied and returned to incubate 

at 37 C̄ for a further 24 hours. At this point media was removed and cells were 

washed twice in PBS prior to fixation in 4 % paraformaldehyde in PBS (v/v) for 

10 minutes at room temperature. Following fixation, cells were washed twice in 

PBS and then incubated in permeabilization buffer (0.1 % Triton-X100 [v/v], 1 % 

BSA [w/v] in 1X PBS) for 15 minutes at room temperature. Cells were then 

blocked in blocking buffer (1 % BSA [w/v] in 1X PBS) for 45 minutes then 

incubated with the required primary antibody at a specified dilution for 1 hour at 

room temperature. Cells were washed three times in PBS then incubated with 

the corresponding secondary AlexaFluor® antibody (Life Technologies, 1:500 in 

blocking buffer) for 1 hour at room temperature in a light protected vessel then 

washed three times with PBS. Coverslips were then mounted onto glass slides 

with the addition of ProLong Gold Antifade Reagent with DAPI (Thermo Fisher 

Scientific), sealed and stored at 4 C̄. Images were then taken on the LSM 700 or 

LSM 880 confocal microscope and processed using Zen (Blue Edition) software. 

 

2.2.4.5 Detection of fluorescent rHAZV 

The IncuCyte® Live Cell Imaging System (Essen BioSciences) was used to detect 

infection by rHAZV(eGFP) or rHAZV(eGFP-LFAA). SW13 cells were infected as 

described in section 2.2.5.1 and imaged at indicated time points to permit 

analysis of total green cell count or total integrated intensity of eGFP (TIIE) over 

time. Captured images were analysed using the associated software for 

fluorescent protein expression. The fluorescent thresholds for analysis were 

determined using control wells and were used to identify fluorescent positive 

objects from background fluorescence 
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2.2.5 Virological techniques 

2.2.5.1 Virus infections 

SW13, A549, BHK or Huh7 monolayers were infected with HAZV at the specified 

multiplicity of infection (MOI) in serum-free DMEM (SFM) at 37 C̄. After 1 hour, 

the inoculum was removed and cells washed in PBS, fresh DMEM containing 2.5 

% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin was then applied for the 

duration of the infection.  

 

Infections of HAE/CTVM9 cells of tick origin were carried out at a MOI of 0.01 in 

a similar manner to mammalian cell infections, but with an incubation temperature 

of 30 C̄ and using L15 media containing 20 % FBS, 10 % tryptose phosphate 

broth, 2 mM L-glutamine, 100 IU/mL penicillin and 100 µg/mL streptomycin. 

 

During recovery of recombinant virus, reinfections were carried out as follows; 

Six-well plates were seeded with 2x105 SW13 cells/well, 1 day prior to infection, 

in 2mL DMEM supplemented with 10 % FBS, 100 U/mL penicillin and 100 mg/mL 

streptomycin. Cell supernatants from transfected BSR-T7 cells (section 2.2.3) 

were collected 72, 96, and 120 hours post transfection, and 300 mL supernatant 

was passaged for 48 hours in a 6 well plate of SW13 cells grown in DMEM 

supplemented with 10 % FBS, 100 U/mL penicillin and 100 mg/mL streptomycin.  

 

2.2.5.2 Virus growth curves 

To assess viral fitness over time, 2x106 SW13 cells were seeded into 75 cm2 

flasks one day prior to infection in 8 mL DMEM supplemented with 10 % FBS. 24 

hours later, virus was used to infect flasks at the specified MOI in 5 mL SFM for 

1 hour with shaking, an aliquot of the infection media was collected to permit 

back-titration, ensuring equal MOI comparisons were made. Following infection, 

media containing virus was removed, cells were washed with PBS and 7 mL 

DMEM supplemented with 2.5 % FBS was reapplied and returned to incubated 

at 37 C̄ for the remainder of the experiment. At 24 hour intervals, 200 mL 

supernatant was removed and stored at -80 C̄ until all samples had been 

collected and stored in a similar manner. Following collection of all timepoints, 

samples were analysed for titer of infectious virus as described in section 2.2.5.4. 
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2.2.5.3 Virus purification 

For propagation of virus stock, 4 x 175 cm2 flasks were seeded with 3x106 BHK 

cells, one day prior to infection in 25 mL DMEM supplemented with 10 % FBS. 

24 hours later, WT rHAZV was used to infect flasks at a MOI of 0.001 in 5 mL 

SFM for 1 hour with shaking. Following infection, media containing virus was 

removed, cells were washed in PBS and 15 mL DMEM supplemented with 2.5 % 

FBS was reapplied and flasks were incubated at 37 C̄ for 72 hours with 

occasional shaking. Following incubation, supernatant containing virus was 

removed and clarified at 4500 X g for 30 minutes, passed through a 0.45 mM filter 

then re-clarified as above. Clarified and filtered supernatant was then loaded 

above a 20 % sucrose cushion and spun at 150,000 X g for 3 hours. Following 

centrifugation, supernatant was removed and the tube was inverted to permit air-

drying of the pellet prior to overnight resuspension in 1 mM MgCl2 and 1mM CaCl2 

at 4 C̄ with shaking. 

 

2.2.5.4 Viral titration 

Determination of virus titers was achieved through plaque assays. Supernatant 

was collected at the time titration was required and serially diluted by a factor of 

10 from neat to create dilutions of 10-1 to10-6 to infect fresh monolayers of SW13 

cells in a 6-well plate. Following infection, medium containing virus was removed, 

cells were washed in ice cold PBS and a 1:1 ratio of 2.5 % FBS DMEM to 1.6 % 

methylcellulose (Sigma) was reapplied, and cells were returned to incubate for a 

further 6 days prior to fixing and staining with crystal violet (13.5 % formaldehyde, 

2.5 % crystal violet, 20 % ethanol). Plaques formed where HAZV had replicated 

and caused CPE and were counted, and virus titers were determined using the 

equation; 

 

ὴὪόάὒ  
ὔόάὦὩὶ έὪ ὴὰὥήόὩί

ὈὭὰόὸὭέὲ Ὢὥὧὸέὶ ὼ ὠέὰόάὩ άὒ
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2.2.5.5 Generation of cDNA from infectious virus 

Viral RNA was extracted from virus containing cell-free supernatant using the 

QIamp viral RNA kit (Qiagen) and subsequently treated with DNase to remove 

any contaminating DNA. A cDNA copy was generated using the ProtoScript II 

reverse transcriptase kit (New England Biolabs), according to the manufacturerôs 

instructions. Amplification of the cDNA was carried out using PCR, as described 

in section 2.2.1.4. To rule out plasmid carryover from transfection media, a no 

reverse-transcriptase control was also carried out in the same manner as 

described, with the omission of the reverse transcriptase. 

 

2.2.5.6 rHAZV(eGFP) MOI optimisation 

SW13 cells were seeded at 1x104 cells/well in a 96-well plate and incubated at 

37 C̄ for 24 hours to replicate conditions generated according to the siRNA 

reverse transfection protocol. Media was then removed and cells were infected 

with rHAZV(eGFP) at range of MOIs (0.1, 0.25 and 1.0) in SFM containing 100 

U/mL penicillin and 100 mg/mL streptomycin. Cells were incubated for a further 

48 hours at 37 C̄ with hourly imaging using the IncuCyte® Live Cell Imaging 

System to detect the number of eGFP positive cells. 

 

2.2.5.7 Quantifying viral expression levels using eGFP signal 

Following a 24 hour infection, GFP fluorescence intensity was determined using 

the IncuCyte® Live Cell Imaging System as a measure of virus infectivity. Total 

green integrated intensity (GCU x mm2/image) was first normalised to confluency 

per well, then analysed as a percentage of the total green integrated intensity in 

positive control wells containing virus but omitting siRNA and transfection 

reagent. Normalised values within each technical repeat were averaged and then 

averaged across two biological repeats. Statistical analyses were performed 

using an unpaired, two-tailed Studentôs t-test assuming variance in standard 

deviation between the means of control and experimental sample groups. 
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2.2.6 Inhibitor studies 

2.2.6.1 Inhibition of retrograde transport 

Trypsinised A549 cells were seeded into 12 well plates at 1x105 cells/well and 

incubated at 37 C̄. 16 to 24 hours later, cells were pretreated with brefeldin A 

(BFA) at the indicated concentrations for 45 minutes in SFM prior to infection with 

rHAZV or rIAV at a MOI of 0.1 for 1 hour at 37 C̄. Following the infection period, 

media containing virus was removed and cell monolayers washed three times 

with PBS. Fresh 2.5 % DMEM was then reapplied containing the indicated 

concentration of BFA for a further 24 hours. At this point lysates were collected 

and analysed via western blot (2.2.4.3).  

 

2.2.6.2 Inhibition of caspases 

SW13 monolayers were pretreated for 45 min with 20 ɛM Z-FA-FMK or Z-VAD-

FMK in SFM at 37°C prior to infection with HAZV at a MOI of 0.1. Following 

infection, virus and inhibitor were removed, cells were washed three times in 

PBS, and 2.5% FBS-DMEM containing 20 ɛM Z-FA-FMK was reapplied. At 24, 

32, and 48 hour time points, total cell lysates were harvested and prepared for 

western blotting. 

 

2.2.6.3 Viability assays 

Trypsinised A549 cells were seeded into 96 well plates at 1x104 cells/well and 

incubated at 37 C̄. 16 to 24 hours later, cells were treated with inhibitor at the 

indicated concentrations for 1 hour 45 minutes in SFM, to replicate the pre-

treatment and infection timings. After this period 100 mL of fresh 2.5 % DMEM 

was then reapplied containing the indicated concentration of inhibitor for a further 

24 hours. At this point the CellTitre 96® AQueous One Solution Cell Proliferation 

Assay (Promega) was used to measure cell viability according to the 

manufacturerôs instructions. Briefly, 20 mL was added to each well and returned 

to incubate for a further 4 hours, at which point absorbance was measured at 490 

nm using a plate reader (Tecan) and used to determine viability via comparison 

to untreated and media only controls. 
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3 Development of a Hazara virus infectious clone 

3.1 General introduction 

The ability to perform detailed genetic analysis of any virus is dramatically 

increased by the provision of a reverse genetics system, which allows any 

nucleotide or amino acid residue to be specifically altered, allowing any resulting 

change in phenotype to be identified. Such a system has been developed for 

CCHFV (Bergeron et al., 2015), which has been exploited to expand the current 

understanding of nairovirus molecular and cellular biology (Scholte et al., 2017; 

Welch et al., 2017). However, the classification of CCHFV as a hazard group 4 

pathogen presents additional and significant experimental hurdles, such as the 

requirement of BSL-4 facilities, which significantly increase experimental cost and 

study times. Therefore, there is an urgent need to generate similar systems in 

related, lower containment level nairoviruses such as HAZV to provide a platform 

to study the function of the viral genes and genetic elements. A HAZV infectious 

clone system would also enable the recovery of so-called ógain of functionô 

viruses, such as incorporation of reporter genes to facilitate efficient analysis of 

virus growth kinetics. Any findings of interest discovered in the HAZV infectious 

clone system could then be replicated in CCHFV, streamlining the discovery 

process and therefore reducing the length of time required to make significant 

advances into our knowledge of CCHFV replication. 

 

The first recovery of an infectious RNA virus from cDNA occurred in 1981, with 

the successful recovery of poliovirus (Racaniello and Baltimore, 1981). Since 

then, multiple RNA viruses from a broad range of families have had reverse 

genetics systems developed enabling rapid advances in understanding. Due to 

the inability of negative sense RNA viruses to have their genomes directly 

translated into proteins and the requirement of the genome to be associated with 

viral N to be replication competent, advancement of reverse genetics systems for 

this group of viruses has been slower, with the first such development published 

in 1994, for the recovery of infectious rabies virus (Conzelmann and Schnell, 

1994; Schnell, Mebatsion and Conzelmann, 1994). In the years since, multiple 

infectious clone systems have been set up for multiple members of the 

Bunyavirales order across four of the five families; The Hantaviridae family are 
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the only group to have no such system, despite repeated attempts to recover 

recombinant virus. BUNV, CCHFV and RVFV all have well established infectious 

clone systems (Bridgen and Elliott, 1996; Bridgen et al., 2001; Bird, Albariño and 

Nichol, 2007; Bergeron et al., 2015). These systems have enabled discovery of 

many features surrounding the viral lifecycles, including the previously described 

processing mechanisms of the GPC of CCHFV in section 1.4.2.1 and BUNV 

requirement of cellular proteases such as furin and signal peptide peptidase 

(Bergeron et al., 2015; Shi et al., 2016). However, despite multiple members of 

the Bunyavirales order having infectious clone systems established, no hazard 

group 2 members of the Nairoviridae currently have such systems. Reverse 

genetics systems provide an invaluable means to study the role of individual 

nucleotides, amino acids, entire genes and NTRs by enabling targeted 

mutagenesis, via manipulation of the DNA source. These reverse genetics 

approaches allow the user to decide on the region for mutation and then identify 

any resulting phenotypic effect, rather than relying on the forward genetics 

method of sequencing naturally occurring mutants and working backwards from 

phenotype to identify the responsible mutations. This dependence of forward 

genetics on mutations resulting in a viable phenotype limits the study into critical 

elements of the viral genome.   

 

Recovery of infectious negative sense viruses can be achieved via the use of 

DNA plasmids expressing positive or negative sense primary RNA transcripts 

corresponding to viral genome segments. The previously described rescue 

system for recovery of rCCHFV utilised plasmids expressing positive sense 

primary RNA transcripts. Upon transfection of a positive sense plasmid into a T7 

polymerase expressing cell line, such as BSR-T7 cells, T7 RNA polymerase 

recognises the T7 promoter positioned upstream of the gene of interest and 

begins transcription, generating either translatable mRNAs or antigenomic 

vRNAs from a single transcription reaction. Being directly translatable, the 

mRNAs are able to drive translation of the viral products. In the case of HAZV, 

they permit translation of HAZV N and L, which are critical for packaging the 

antigenomic vRNAs forming antigenomic (coding) RNPs which can act as 

replication templates to generate genomic (non-coding) RNPs that can 

subsequently be packaged into maturing virions (Figure 3.1). When mutations 
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are introduced that remain viable for virus replication, the infectious clone system 

has the advantage of being able to study the impact of the viable mutation across 

all aspects of the viral lifecycle. The fundamental drawback occurs when an 

alteration, such as large insertions, deletions or mutations to critical amino acids, 

prevent the virus from carrying out any essential part of the viral lifecycle. In cases 

where this occurs, recovery of infectious virus is not possible and the only 

conclusion that can be drawn is that the alteration affected a critical domain of 

the viral genome or prevented the virus from carrying out an essential phase of 

the lifecycle. In these situations, alternatives, such as the mini-genome and VLP 

systems, are well suited to the necessary further genetic analysis (Bergeron et 

al., 2015; Devignot et al., 2015; Matsumoto et al., 2019).  

 

The aims of this chapter were as follows; 

 

1. Generate an infectious clone for rHAZV 

2. Compare rHAZV growth to that of the parental virus 

3. Demonstrate the ability of the infectious clone to incorporate mutations 

 

Successful completion of these aims would yield a valuable tool for studying 

HAZV and by extension other members of the Nairoviridae family, in a more 

efficient manner without the need for high level containment facilities. More 

specifically, it would provide an excellent model for increasing understanding the 

replication cycle and pathogenicity of CCHFV, in which initial characterization of 

orthonairovirus properties would be performed using HAZV with selected 

properties of interest later characterized using CCHFV. 
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Figure 3.1, Schematic of rHAZV rescue workflow 

Plasmid cDNAs representing HAZV segments are transfected into actively replicating 
BSR-T7 cells. The action of both endogenous and exogenous T7 RNA polymerase 
drives primary transcription of RNAs that represent S, M and L segment antigenomes, 
which also act as templates for translation of viral structural and non-structural proteins. 
Translated viral proteins then associate with primary T7 RNA polymerase transcripts to 
form positive sense antigenomic RNPs, which are in turn replicated by the HAZV RdRp 
to form negative sense genome segments. These genomes then act as templates for 
either mRNA transcription or RNA replication, permitting accumulation of negative sense 
RNPs and viral proteins, subsequently resulting in assembly of infectious virions which 
then exit the cell and can be collected in the supernatant. 

 

3.2 Plasmid design 

The infectious clone system requires transfection of a copy of the viral genome, 

carried either on a bacterial plasmid, or on an in-vitro transcript derived from it 

into cultured cells. The use of plasmid DNA in recovery of CCHFV is described 



58 

 

in sections 1.5.3 and 3.1. The use of plasmid DNA in infectious clone systems 

has multiple advantages over transfection of RNA. Firstly, as the plasmid is 

continuously transcribed within the cell, more copies are generated from a cDNA 

plasmid than a finite amount of RNA. Also, the direct use of a cDNA plasmid 

removes the requirement for in-vitro transcription and subsequent purification of 

RNA, reducing the time and costs involved with infectious clone recovery. Finally, 

DNA has increased stability over RNA and therefore handling, storage and 

transfection of plasmid DNA over RNA is made more reliable. 

 

Plasmids for the recovery of HAZV had previously been designed within our 

group to express positive sense primary viral RNA transcripts corresponding to S 

(Figure 3.2, a), M (Figure 3.2, b) and L (Figure 3.2, c) segments, with each 

segment cDNA encoding both viral 5' and 3' NTRs flanking the ORF encoding 

the associated viral gene. Upstream of the 5' NTR, a bacteriophage T7 RNA 

polymerase promoter sequence was included to permit transcription within a T7 

polymerase expressing cell line, in our case BSR-T7 cells. Directly downstream 

of the 3' NTR a hepatitis delta virus ribozyme (HDR) sequence and T7 terminator 

sequence were included to terminate transcription and permit self-cleavage of 

the resulting RNA product. This HDR cleavage event is a transesterification 

reaction, which generates products with either a 2ô, 3ô-cyclic phosphate or 5ô-

hydroxyl termini (Ferré-DôAmaré and Scott, 2010). Therefore, via the use of the 

HDR in our system, we are able to exactly define the 3ô end of our transcribed 

RNA sequence. A kanamycin resistance gene and origin of replication were both 

incorporated to permit selection of bacterial colonies following transformations 

and provide an initiation sequence for replication of dsDNA. The designed inserts 

for S, M and L segments were then incorporated into the pMK-RQ backbone to 

generate pMK-RQ-S, pMK-RQ-M and pMK-RQ-L respectively. 

 

Plasmids expressing positive sense primary RNA transcripts, including directly 

translatable mRNAs, were utilised over those expressing negative sense RNA 

transcripts, despite the negative sense polarity of the HAZV genome.  This is as 

the uncapped positive sense T7 transcripts generated by T7 polymerase have 

previously been shown in other bunyavirus recovery systems to be sufficient in 

initiating viral replication (Lowen et al., 2004; Bergeron et al., 2015). In addition, 
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should the use of support plasmids be required, utilising plasmids expressing a 

positive sense RNA corresponding to the viral genome segments eliminates 

issues arising from dsRNA formation between complementary negative sense 

RNA genome transcripts and the positive sense RNA support transcripts. 

 

 

Figure 3.2, Design of cDNAs for recovery of recombinant rHAZV 

Schematic representation of cDNA plasmids designed for expression of HAZV S (a), M 
(b) and L (c) segments. Virus-encoded proteins are flanked by their respective non-
translated regions (NTRs). T7 promoter (T7P, T7T) and terminator sequences drive 
primary transcription in transfected cells, with the hepatitis delta virus ribozyme (HDR) 
responsible for generating a defined 3ô terminus. A kanamycin resistance gene (KanR), 
origin of replication (Ori) and multiple cloning site (MCS) were included to permit plasmid 
amplification, cloning and antibiotic selection. 

 

Modification following receipt of the plasmids was carried out to remove an 

additional unnecessary T7 promoter that was identified in the backbone of each 

plasmid following sequencing. Presence of this secondary T7 promoter would 

result in extension of the viral 3ô NTR sequence by 51 bases, changing its terminal 

nucleotide sequence, which would likely have a significantly negative effect on 






































































































































































































































































































