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ABSTRACT 

EBOLA VIRUS RNA EDITING: CHARACTERIZATION OF THE MECHANISM 

AND GENE PRODUCTS. 

Masfique Mehedi, B.Sc., M.Sc. 

University of Manitoba, 2012 

 

Ebola virus (EBOV) is an enveloped, negative-sense single-stranded RNA virus 

that causes severe hemorrhagic fever in humans and nonhuman primates. The EBOV 

glycoprotein (GP) gene encodes multiple transcripts due to RNA editing at a conserved 

editing site (ES) (a hepta-uridine stretche). The majority of GP gene transcript is unedited 

and encodes for a soluble glycoprotein (sGP); a defined function has not been assigned 

for sGP. In contrast, the transmembrane glycoprotein (GP1,2) dictates viral tropism and is 

expressed through RNA editing by insertion of a nontemplate adenosine  (A) residue. 

Hypothetically, the insertion/deletion of a different number of A residues through RNA 

editing would result in another yet unidentified GP gene product, the small soluble 

glycoprotein (ssGP). I have shown that ssGP specific transcripts were indeed produced 

during EBOV infection. Detection of ssGP during infection was challenging due to the 

abundance of sGP over ssGP and the absence of distinguishing antibodies for ssGP. 

Optimized two- dimensional (2-D) gel electrophoresis verified the expression of ssGP 

during infection. Biophysical characterization revealed ssGP is a disulfide-linked 

homodimer that is exclusively N-glycosylated. Although ssGP appears to share similar 

structural properties with sGP, it does not have the same anti-inflammatory function. 
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Using a new rapid transcript quantification assay (RTQA), I was able to demonstrate that 

RNA editing is an inherent feature of the genus Ebolavirus and all species of EBOV 

produce multiple GP gene products. A newly developed dual-reporter minigenome 

system was utilized to characterize EBOV RNA editing and determined the conserved ES 

sequence and cis-acting sequences as primary and secondary requirements for RNA 

editing, respectively. Viral protein (VP) 30, a transcription activator, was identified as a 

contributing factor of RNA editingð a proposed novel function for this largely 

uncharacterized viral protein. Finally, I could show that EBOV RNA editing is GP gene-

specific because a similar sequence located in L gene did not serve as an ES, most likely 

due to the lack of the necessary cis-acting sequences. In conclusion, I identified a novel 

soluble protein of EBOV whose function needs further characterization. I also shed light 

into the mechanism of EBOV RNA editing, a potential novel target for intervention. 
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1. INTRODUCTION  

1.1. History of Filoviral Hemorrhagic Fever 

 Filoviruses are the most virulent of the hemorrhagic fever-causing viruses 

(arenaviruses, bunyaviruses, filoviruses, and flaviviruses) and have the highest case 

fatality rates of any of these viruses (Jahrling et al., 2007). Two genera of filoviruses 

(Ebolavirus and Marburgvirus) cause lethal hemorrhagic fever in both humans and 

nonhuman primates (NHPs), which have occurred in sporadic outbreaks occurring mostly 

in Africa. The pathogenicity of each filovirus varies from asymptomatic to a highly lethal 

infection with a case fatality rate of up to 90% (Bray, 2009; Fisher-Hoch and 

McCormick, 1999; Swanepoel et al., 1996). Marburg hemorrhagic fever (MHF) was first 

recognized during simultaneous outbreaks of Marburg virus (MARV) in Marburg and 

Frankfurt, Germany in August, 1967. The MARV outbreak started in a pharmaceutical 

factory where laboratory workers had been processing organs from African green 

monkeys (AGMs) (Cercopithecus aelhiops) imported from Uganda (Kissling et al., 1968; 

Martini et al., 1968a). Several weeks later two MARV cases were also reported in 

Belgrade, Yugoslavia (now Serbia), in which a veterinarian was infected while 

performing a necropsy on a dead monkey that was also imported from Uganda; he 

subsequently infected his wife (Anthony Sanchez, 2007; Kuhn, 2008). Despite the initial 

identification of MHF in Germany, filoviruses are considered to be largely endemic to 

Africa. Except for the initial 1967 MARV cases, most MHF outbreaks have occurred 

sporadically in East Africa, within 500 miles of Lake Victoria (Mehedi et al., 2011), the 

exceptions are a small cluster of MARV cases in Zimbabwe in 1975 (Conrad et al., 1978) 

and the recent largest MHF outbreak in Uige, Angola in 2004-05 (Towner et al., 2006).  
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Ebola hemorrhagic fever (EHF) was first reported in two simultaneous outbreaks 

in Sudan and Zaire, now Democratic Republic of Congo (DRC), in 1976. The first Ebola 

virus (EBOV) cases were reported from an outbreak that started in a cotton factory at 

Nazara in Sudan. There were 67 cases in June and July and the epidemic increased over 

time with the identification of an additional 213 cases in the neighboring areas of Maridi, 

Tembura, and Juba. These outbreaks lasted until November and extensive person-to-

person transmission was reported. The epidemics were controlled by following strict 

barrier nursing techniques and basic public health principles. There was no proven link 

between these two epidemics. EBOV was isolated from the infected patients of both 

outbreaks. The virus was named after a small river in northwestern Zaire, because that 

was thought to be the place where one of the first EHF cases occurred (Feldmann and 

Klenk, 1996; King et al., 2011; Kuhn, 2008).  

Numerous EBOV outbreaks have occurred across Africa (Figure 1 and Table 1), 

but it is likely that many small localized outbreaks may have not been reported due to 

lack of infrastructure in affected areas (Kuhn, 2008). In 1979 EBOV re-emerged in Nzara 

and Yambio, which are located in southern Sudan, near the border with Zaire. The initial 

patient was a 45-year-old man who worked in the same cotton factory where the EBOV 

outbreak occurred in 1976. This man was admitted to the Nzara Hospital and was 

suspected of playing a role in virus dissemination by nosocomial infections (Baron et al., 

1983; Feldmann and Klenk, 1996). Then after 15 years, in 1994, another EBOV outbreak 

was reported near the Tai Forest in Cote dôIvoire when a  
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Genus Species Year 

isolated 

location # Cases 

(fatality rate 

in %)  

Reference 

Marburgvirus Lake Victoria 

marburgvirus 

1967 

 

Marburg and Frankfurt, Germany; Belgrade; 

Yugoslavia (now Serbia) 

32 (23) (Feldmann et al., 1996b; Kuhn, 2008; Martini et al., 1968b; Siegert et al., 

1968) 

  1975 Johannesburg, South Africa (originated in 

present Zimbabwe) 

3 (33) (Feldmann and Klenk, 1996; Gear et al., 1975) 

  1980 Kisumu and Nairobi, Kenya 2 (50) (Smith et al., 1982) 

  1987 Mombasa, Kenya 1 (100) (Feldmann and Klenk, 1996; Johnson et al., 1996) 

  1998-00 Democratic republic of Congo (DRC)  154 (83) (Bausch et al., 2006) 

  2004-05 Uige, Angola 252 (90) (Bausch et al., 2008; Kuhn, 2008) 

  2007 Uganda 4 (25) (Towner et al., 2009) 

  2008 USA 1 (0) (MMWR, 2009) 

  2008 Netherland 1(100) (Timen et al., 2009) 

Ebola virus Zaire ebolavirus 1976 Zaire (Yambuku) 318 (88) (Kuhn, 2008) 

  1977 DRC 1 (100) (Anthony Sanchez, 2007; Feldmann and Klenk, 1996) 

  1994-97 Booue, Gabon & Johannesburg, South Africa 37 (57) (Anthony Sanchez, 2007) 

  1995 DRC 315 (77) (Anthony Sanchez, 2007) 

  2001-02 Mekembo district, Gabon 65 (82) (Casillas et al., 2003) 

  2001-02 Mbomo district and Kelle district, DRC 58 (75) (Casillas et al., 2003) 
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  2002-03 DRC 143 (89) (Formenty et al., 2003) 

  2007 DRC 264 (71) (Groseth et al.; Rec, 2007) 

  2009 Germany 1 (0) (Günther et al., 2011) 

 Sudan ebolavirus 1976 Maridi, Sudan 284 (53) (Kuhn, 2008) 

  1979 Southern Sudan  34 (65) (Feldmann and Klenk, 1996) 

  2000-01 Gulu, Masindi, and Mbarara district, Uganda 425 (53) (Casillas et al., 2003; Kuhn, 2008) 

  2004 Sudan 17 (41) (Rec, 2005) 

  2011 Uganda 1 (100) (Groseth et al.) 

 Reston ebolavirus 1989 Philadelphia, USA 4 (0) (Feldmann and Klenk, 1996; Kuhn, 2008) 

  1992 Italy epizootic (Anthony Sanchez, 2007; Feldmann and Klenk, 1996) 

  1996 Luzon, Philippines epizootic (Kuhn, 2008) 

  1996 USA epizootic (Anthony Sanchez, 2007) 

 Tai forest ebolavirus 1994 Tai national forest, Cote dôIvoire 1 (0) (Hartman et al., 2010; Le Guenno et al., 1995) 

 Bundibugyo ebolavirus 2007 Bundibugyo district, Uganda 149 (25) (Hartman et al., 2010; Towner et al., 2008) 

Cuevavirus LIoviu ebolavirus 2002 Cueva del Lloviu, Spain No outbreak (Negredo et al., 2011) 

 

Table 1. Filovirus outbreaks since discovery in 1967.  
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Figure 1. Locations of filovirus outbreaks/episodes. Ebola virus: Zaire ebolavirus 

(ZEBOV), Sudan ebolavirus (SEBOV), Reston ebolavirus (REBOV), Cote deôIvoire 

ebolavirus (CIEBOV), and Bundibugyo ebolavirus (BEBOV) are shown in orange, blue, 

green, magenta, and yellow, respectively. Marburg Virus: Lake Victoria marburgvirus 

(MARV) is shown in black. REBOV epizootics occurred in nonhuman primate (NHP) 

facilities located at several places in the USA and in Italy, which were linked to 

importation of NHPs from the Philippines. MARV was discovered in 1967 in Germany 

and Serbia during an outbreak associated with NHPs imported from Uganda.  
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veterinarian was infected by a new EBOV species after performing a necropsy on a 

chimpanzee (Le Guenno et al., 1999). This new EBOV species, Cote dôIvoire ebolavirus 

(CIEBOV), recently renamed Tai Forest ebolavirus, was isolated from both the 

chimpanzee and the veterinarian who had performed the necropsy (King et al., 2011; 

Kuhn, 2008). There were several EBOV outbreaks reported in Gabon and in Kikwit in 

the 1990s (Georges-Courbot et al., 1997; Kuhn, 2008); the frequency of outbreaks was 

higher in 2002 and 2003 in those areas (WHO, 2002, 2003a, b) than in subsequent years. 

In 2002-03, numerous dead chimpanzees, gorillas, and duikers were discovered and 

EBOV was isolated from a gorilla carcass, suggesting a potential cause for the decreasing 

gorilla and chimpanzee populations in DRC (Kuhn, 2008; Palacios et al., 2007). After the 

initial Sudan ebolavirus (SEBOV) outbreak in 1976, SEBOV remerged in 1979 and 2004 

in southern Sudan, and in 2001 in Uganda (Kuhn, 2008).  

Reston ebolavirus (REBOV), suspected to be the only EBOV that is 

nonpathogenic to humans but pathogenic to NHPs, was first isolated from a colony of 

cynomolgus macaques in Reston, Virginia, USA, that had been imported from the 

Philippines. Macaques from the Philippines were also identified as the source for two 

consecutive REBOV outbreaks that occurred in 1992 in Sienna, Italy  and in 1996 in 

Alice, Texas, USA (Kuhn, 2008).  

In 2007 a new EBOV species, Bundibugyo ebolavirus (BEBOV), was isolated 

during an EHF outbreak in Uganda (King et al., 2011; MacNeil et al., 2010; Towner et 

al., 2008). More recently, a tentative new filovirus genus, Cuevavirus, has been proposed 

after discovery of a distinct EBOV sequence, designated Lloviu ebolavirus, in dead 

insectivorous bats in Spain; however, this virus has yet to be isolated (Negredo et al., 
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2011). A summary of confirmed filovirus outbreaks is presented in Table 1; Figure 1 

shows the location of filovirus outbreaks.  

1.2 Filovirus Classification 

1.2.1 Virus Taxonomy 

The family Filoviridae belongs to the order Mononegavirales, which includes all 

single-stranded negative-sense RNA viruses including the family Bornaviridae, 

Rhabdoviridae, and Paramyxoviridae. This Filoviridae family consists of two established 

genera, Marburgvirus and Ebolavirus; in addition, a new genus, tentatively named 

Cuevavirus, has been postulated (Kuhn et al., 2010) (Table 2). The Marburgvirus genus 

consists of only one virus species, Lake Victoria marburgvirus. In contrast, there are five 

virus species in the Ebolavirus genus: Zaire ebolavirus, Sudan ebolavirus, Reston 

ebolavirus, Cote dôIvoire ebolavirus (current name Tai Forest ebolavirus), and 

Bundibugyo ebolavirus (King et al., 2011). The Cuevavirus genus has one species 

provisionally named Lloviu ebolavirus; however, this virus has yet to be isolated 

(Negredo et al., 2011).  

1.2.2 Biohazard Classification 

EBOV and MARV are considered highly lethal pathogens that have the potential 

to be misused in biowarfare programs or bioterrorist attacks (Becker, 2007). The Centers 

for Disease Control and Prevention (CDC) has designated EBOV and MARV as 

Category A agents that pose a serious threat to public health because of their ease of 

transmission and high mortality (Workgroup, 2000). These viruses are biosafety level  
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Family Genus Species 

Filoviridae Marburgvirus Lake Victoria marburgvirus 

 Ebolavirus Bundibugyo ebolavirus 

Cote dôIvoire ebolavirus (Tai Forest ebolavirus) 

Reston ebolavirus 

Sudan ebolavirus 

Zaire ebolavirus 

Cuevavirus (tentative) Lloviu cuevavirus (tentative) 

 

Table 2. Taxonomy of Filoviridae.



Introduction 

9 
 

(BSL) 4 pathogens; therefore, a high containment laboratory is mandatory in order to 

work with these viruses. 

1.3. Filovirus Ecology, Natural Reservoir, and Transmission  

Although EBOV and MARV are distributed throughout central Africa, ecological 

niche modeling shows differences in geographic distribution. MARV tends to be present 

in drier areas in eastern, south-central, and western Africa, while EBOV tends to be 

found in the humid rain forests of central and western Africa (Peterson et al., 2004; 

Peterson et al., 2006; Pinzon et al., 2005). Interestingly, similar climate conditions are 

present in the Philippines, where REBOV is endemic. Meteorological data have indicated 

that an increase in filovirus activity correlated with an unusual precipitation pattern 

(lower than average rainfall) from 1994-96 (Pinzon et al., 2004; Tucker et al., 2002). It 

has been suggested that ecological disruption due to various human activities such as 

agriculture, deforestation, hunting, military conflicts, and other changes in the ecosystem 

may play a role in filovirus outbreaks as all of these may bring humans in closer contact 

with the natural reservoir of filoviruses (Kuhn, 2008).  

Initially, bats [Tadarida (mops) trevori] were thought to be a potential reservoir 

for filoviruses, because they were associated with the 1976 EBOV outbreak (Breman et 

al., 1999). NHPs were also suspected as a filovirus reservoir because many outbreaks 

directly involved contact with NHPs (Le Guenno et al., 1995), but experimentally 

infected animals show rapid lethal disease progression, a fact that against NHPs being an 

effective reservoir. Due to repeated association of filovirus outbreaks with gold mines, it 

was suspected that the reservoir host might be an animal found in or in close proximity to 
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natural or artificial caves (Bausch et al., 2006; Swanepoel et al., 1996). Recently, African 

fruit bats (Rousettus aegypticus) have been identified as a natural reservoir for MARV 

(Towner et al., 2007). Furthermore, thousands of small vertebrates have been collected 

during EBOV outbreaks in Gabon and DRC, but only fruit bats have been found positive 

for EBOV and MARV-specific antibodies (Abs). Epidemiological studies have 

demonstrated a direct link between migrating fruit bats and recent EBOV outbreaks in 

DRC in 2007 (Leroy et al., 2009). It has been shown that ZEBOV can replicate in 

infected fruits bats; however, virus antigen was detected only in endothelial cells of the 

lung tissue of a bat sacrificed on day 8 post-infection, but virus isolation was 

unsuccessful (Swanepoel et al., 1996). More recently the genome of a new, genetically 

distinct filovirus, Lioviu virus, has been sequenced from dead insectivorous bats in Cueva 

del Lloviu, Spain (Negredo et al., 2011).   

Human-to-human transmission of EBOV does occur through direct contact with 

virus-contaminated body fluids such as blood, vomitus, urine, feces, breast milk, saliva, 

and respiratory secretions. Caregivers of infected patients are at high risk of infection and 

epidemiological studies have found that family members who are actively involved in 

patient care and burial procedures are at high risk of infection (Bray, 2003; Dowell et al., 

1999; Sarwar et al., 2011). Despite the highest standards of protection, researchers 

working in high containment laboratories can and have been infected as a result of 

accidental needle sticks (Anthony Sanchez, 2007; Günther et al., 2011; Kortepeter et al., 

2008).     
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1.4 Ebola Hemorrhagic Fever (EHF)  

EBOV is one of the most severe hemorrhagic fever-causing viruses for humans, 

with case fatality rates as high as 90% (Leroy et al., 2011). Typically EHF starts with 

ñflu-likeò symptoms that rapidly develop into multi-organ failure, which is characterized 

by hepatic dysfunction, hemorrhages, capillary leakage, hypotension, and shock. Similar 

hemorrhagic symptoms were also reported in NHPs experimentally infected with 

ZEBOV, SEBOV, REBOV, BEBOV, and CIEBOV. However, REBOV appears to be 

asymptomatic in humans and only one symptomatic case of CIEBOV has been reported 

(Anthony Sanchez, 2007; Feldmann et al., 2003; Kuhn, 2008).  

1.4.1 Disease Symptoms, Pathology, and Diagnosis  

The incubation period of EHF is 4-16 (mean 7) days. Initial disease symptoms are 

frontal headache, weakness, arthralgia, and radiating myalgia in the cervical and lumbar 

muscles with increase of muscle rigidity. Spasms of the masseter and tremors in the head 

and arm have also been reported in severe cases. Other frequent symptoms are malaise, 

sore throat, fever, abdominal pain, upper respiratory tract symptoms (oral dryness, 

pharyngitis, glossitis, dry cough, and spastic sounds in the lung), and diarrhea. These 

symptoms in the initial phase (5-8 days) of the disease are nonspecific and are not 

consistent between individuals. Severe dysphagia and dyspnea develop in a minority of 

patients. After the initial phase, patients either recover slowly or progress into the second 

phase (organ phase) of the disease (Kuhn, 2008). This phase is characterized by a rash 

(not all cases) and severe cases present with hemorrhagic manifestations. Hemorrhagic 

symptoms may last 3-5 days and usually result in a fatal outcome (Kuhn, 2008). 
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Survivors during the 1995 ZEBOV outbreak experienced neither tachypnea nor massive 

blood loss (Kuhn, 2008). For survivors, the convalescent phase is usually long. Complete 

loss of appetite, profound prostration, and weight loss are common. Importantly, 

psychiatric sequelae, including confusion, anxiety, restlessness and aggressive behavior, 

have been reported. Asymptomatic EHF patients were reported in two outbreaks, in 1994 

and 1996. Asymptomatic infections seem to be associated with early inflammatory 

responses and not genotypic changes in the causative virus (Leroy et al., 2000; Leroy et 

al., 2002).   

EBOV pathology was studied in tissue samples from infected people who died in 

the 1976 and 1995 ZEBOV outbreaks in DRC. In these cases, cells of the 

reticuloendothelial systems, epithelial cells, and fibroblasts were found to be infected. 

The liver, kidneys, and lymph nodes were the major target organs. One unique 

observation, fatty degeneration of the liver, was described in particular in the 1976 

ZEBOV outbreak. Focal necrosis of the hepatocytes and Kupffer cells throughout the 

lobes were observed in the liver. Pathology was also observed in kidneys, with moderate 

necrosis and calcification of the tubules (Kuhn, 2008; Murphy, 1978). Hematological 

changes, in particular thrombocytopenia, leukopenia, and later leukocytosis, were 

reported in ZEBOV infected patients (Kuhn, 2008). There was an increase in liver 

enzymes such as serum glutamic pyruvic transaminase (SGPT) and serum glutamic 

oxaloacetic transaminase (SGOT) in EHF patients (Formenty et al., 1999). Virus was also 

detected in skin and mucous membranes, adnexal structures, and cutaneous blood vessels 

(Peters, 1997). ZEBOV infection in NHPs showed a similar disease course to that seen in 

humans (Baskerville et al., 1978; Davis et al., 1997; Jaax et al., 1996; Johnson et al., 
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1995). Because of the difficulties involved in obtaining human specimens, experimental 

NHP (rhesus and cynomolgus macaques, and AGMs) EBOV infections have provided 

most of the information available today on disease pathology (Ryabchikova et al., 1999). 

Most of the livers of infected NHPs were friable with an obvious reticulated pattern, 

periorbital dermis was seen with bilateral petechiae, and glandular stomach was seen with 

petechiae in mucosa/submucosa during necropsy (Davis et al., 1997). Histological 

findings indicated depletion, apoptosis, and necrosis of lymphoid cells in the lymphoid 

tissue. A significant congestion of the marginal zone sinuses was observed in the spleen. 

In addition, infection was obvious in the red pulp of the spleen due to the formation of 

huge aggregates of free virions, extensive fibrin deposition, and abundant necrotic cells 

(Davis et al., 1997). EBOV inclusions and virions were observed in circulating 

monocytes and macrophages in lymph nodes, spleen, liver, lung, skin, and lamina propria 

of the tongue and ileum (Davis et al., 1997).  

Identification of EHF in tropical areas during the early phase of outbreaks is 

difficult because the clinical symptoms of EHF are similar to numerous tropical diseases 

such as shigellosis, meningococcal septicemia, relapsing fever, yellow fever, anthrax, 

malaria, typhoid fever, and rickettsial infections. However, the presence of a cluster of 

cases with a prodromal fever that turns into hemorrhagic diatheses with evidence of 

person-to-person transmission indicates the potential of a viral hemorrhagic fever (VHF). 

Importantly, EHF shows a characteristic rash (although not in every case) and disease 

progression seems more severe than with any other VHF (Anthony Sanchez, 2007; Grolla 

et al., 2005). Even though diagnosis of an individual suspect case for VHF outside the 

epidemic area is difficult, extensive testing and the patientôs travel history are helpful for 
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diagnostics. Clinical diagnosis of EHF is typically confirmed at reference laboratories. 

Standard laboratory diagnostic samples are whole blood or serum; alternatively, urine, 

saliva, or oral swabs can be used. Viral genome detection using reverse transcriptase-

polymerase chain reaction (RT-PCR) and viral antigen detection using enzyme linked 

immunosorbent assay (ELISA) are the most common diagnostic tests for acute infections. 

Antibody detection can be performed using ELISA, immunofluorescence assay (IFA), 

and immunoblotting. Antigen-capture ELISA, immunohistochemistry (IHC), and 

fluorescence assay can be used for virus detection in tissue samples. Virus isolation or 

visualization of viruses using electron microscopy are used as confirmatory diagnostic 

tests (Anthony Sanchez, 2007; Bray, 2009).  

1.4.2 Treatment and Prevention 

To date there are no effective treatments for EHF. During the 1995 ZEBOV 

outbreak, eight patients were treated with blood that had been donated by five survivors 

of the disease; seven of the treated patients survived. Although this indicates that blood 

transfusion has a beneficial effect, this claim was contested because these eight patients 

received better nursing than average patients and they had already survived 11 days 

before starting the treatment (Mupapa et al., 1999; Sadek et al., 1996; Sadek et al., 1999). 

Ribavirin, an antiviral drug shown to be useful in treating several other hemorrhagic 

fevers has not been effective against EBOV infections both in vitro and in vivo (e.g. 

NHP) (Huggins, 1989; Ignatyev et al., 2000). Equine IgG with high titer neutralizing Abs 

(EBOV specific) showed success in treatment of infected guinea pigs but not in NHPs; 

similarly, human interferon (IFN) treatment was effective in infected rodents but 

unsuccessful in the NHP model. It is assumed, due to the lack of success in NHP models 
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(Emond et al., 1977; Geisbert et al., 2010; Huggins et al., 1999; Jahrling et al., 1996), that 

these therapies have little likelihood of being effective in human patients. Transcription 

and replication inhibitors (e.g. RNA interference, antisense oligonucleotides) have shown 

success in both rodent and NHP models, but costs, the requirement for intravenous 

application, and sequence specificity might limit their therapeutic use (Feldmann and 

Geisbert, 2011; Geisbert et al., 2006; Geisbert et al., 2010; Warfield et al., 2006).    

Treatment with recombinant nematode anticoagulant protein c2, a potent inhibitor 

of tissue-factor initiated blood coagulation, significantly increased the survival of EBOV 

infected NHPs. Survival was associated with decreased activation of coagulation and 

fibrinolysis, and dampened the expression of pro-inflammatory cytokines and 

chemokines, particularly interleukin-6 (IL-6) and monocyte chemoattractant protein-1 

(MCP-1) (Geisbert et al., 2003a). U18666A, cholesterol inhibitor and a novel 

benzylpiperazine admantane diamide-derived compound that was identified through a 

screening library of small molecules, blocked EBOV transmembrane glycoprotein 

(GP1,2)-mediated entry in an in vitro pseudotyped virus infection system (Carette et al., 

2011; Côté et al., 2011). These studies identified a potential target, virus entry, for EBOV 

therapy. A recent study using antibody therapy demonstrated that an EBOV-specific 

polyclonal antiserum can protect NHPs from lethal ZEBOV challenge (Dye et al., 2012). 

A monoclonal antibody (MAb) with enhanced potency to bind the mucin-like domain of 

the EBOV glycoprotein has been generated as an immunoprotectant against EBOV for 

human use (Zeitlin et al., 2011). Phosphorodiamidate morphilino oligomers (PMOs), 

synthetic antisense oligonucleotide analogs, interfere in the translational process by 

duplex formation with RNA. The potency of neutrally charged PMO was enhanced by 
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the chemical modified version PMOPlus, which contain positively-charged piperzine 

groups along with the molecular backbone. PMOPlus targeting EBOV viral protein 

(VP)35 mRNA has protected mice (Swenson et al., 2009) and NHPs against EBOV 

challenge (Warren et al., 2010).  

Developed countries have their own contingency plans to tackle not only 

imported cases but also laboratory exposures by proper isolation and intensive care units 

(Risi et al., 2010; Smith et al., 2006). In contrast, developing countries in Africa (EBOV 

endemic area) have minimum health-care support and a lack of personal protective 

equipment and sterile equipment for injection to prevent infection (Feldmann and 

Geisbert, 2011). It has been known that humans are accidental victims of EBOV infection 

due to an unknown exposure to the reservoir; therefore, there is no obvious strategy for 

preventing primary EBOV infection. However, early recognition of a cluster of cases and 

rapid intervention are currently the best practices for disease control because virus 

transmission occurs through close contact with infected individuals. This includes rapid 

identification of cases, isolation of patients using strict barrier nursing techniques, use of 

proper personal protective equipment, practicing proper medical procedures (according to 

professional health care protocols for contagious diseases) and proper burial management 

(Anthony Sanchez, 2007; Ascenzi et al., 2008; Kuhn, 2008).  

1.4.3 Vaccine Development 

Several animal models, including NHPs (rhesus and cynomolgus macaques, and 

AGMs) and rodents (mice, hamsters, and guinea pigs) have been used to study EBOV 

pathogenesis and some of them were used to test different vaccine platforms (Lupton et 
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al., 1980; Reed and Mohamadzadeh, 2007; Tsuda et al., 2011; Wang et al., 2006). 

Venezuelan equine encephalitis (VEE) virus replicon particles (VRP) based on an 

attenuated strain of VEE expressing EBOV GP1,2, nucleoprotein (NP), VP24, VP30, 

VP35 or VP40 were shown to be protective in mice against lethal EBOV challenge 

(Olinger et al., 2005; Wilson et al., 2001; Wilson and Hart, 2001). Cynomolgus macaques 

were protected against EBOV challenge by a vaccination regime of DNA prime and 

adenovirus (AdV)-boost expressing ZEBOV GPð the first successful vaccine study in 

NHPs (Sullivan et al., 2000). Moreover, this DNA/ AdV platform for ZEBOV and 

SEBOV vaccination showed cross-protection in an NHP model against BEBOV 

challenge (Hensley et al., 2010). Vesicular stomatitis virus (VSV) has been used to make 

a live attenuated vaccine for EHF by expressing EBOV GP1,2 instead of VSV 

glycoprotein (VSV/EBO-GP1,2). This vaccine platform has demonstrated protection in 

both mice and NHP models against lethal EBOV challenge (Garbutt et al., 2004; Jones et 

al., 2005). Post-exposure use of this vaccine platform showed considerable protection in 

mice, guinea pigs, and NHPs (Feldmann et al., 2007). Despite success in both 

prophylactic and post-exposure treatment in the NHP model, the VSV-based platform has 

not yet been approved for humans because of safety concerns (Feldmann et al., 2007; 

Geisbert et al., 2008; Jones et al., 2005). A respiratory virus vaccine platform based on 

human parainfluenza virus 3 (HPIV3) expressing EBOV GP1,2 or NP completely 

protected guinea pigs and partially protected NHPs against lethal EBOV challenge 

(Bukreyev et al., 2007; Bukreyev et al., 2006). However, pre-existing immunity in target 

populations might be an issue for HPIV3 and AdV-based vaccine platforms (Kobinger et 

al., 2006; Yang et al., 2008). EBOV virus-like particles (VLPs) (similar morphology to 
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authentic virus particle but replication incompetent), containing VP40 and GP1,2 protect 

mice and NHPs following either intramuscular or intraperitoneal vaccination against 

lethal EBOV challenge (Feldmann and Geisbert, 2011; Warfield et al., 2003). Despite 

being safe, the VLP vaccine required booster immunizations for protection of NHP 

against lethal challenge, which might limit its use for emergency applications (Feldmann 

and Geisbert, 2011). Human trials have been initiated with DNA- and AdV-based 

vaccines. DNA vaccines expressing EBOV GP1,2, NP or SEBOV GP1,2 generated 

antibodies to at least one of the proteins when used in a recent human trial (Martin et al., 

2006). Non-replicative recombinant AdV vectors expressing ZEBOV GP1,2 and SEBOV 

GP1,2 resulted in CD4
+
 or CD8

+
 responses in less than half of the vaccinated individuals. 

However, patients with pre-existing AdV Abs showed lower response rates and antibody 

titers (Ledgerwood et al., 2010; Martin et al., 2006). 

1.5 EBOV Morphology and Structure  

EBOV particles are predominantly filamentous in nature but U or 6-shaped or 

spherical particles can be found (Anthony Sanchez, 2007) (Figure 2A&B). Virus particles 

are composed of an internal helical nucleocapsid, an outer-unit membrane envelope, and 

a surface projection layer consisting of GP1,2 spikes (Anthony Sanchez, 2007; Beniac et 

al., 2012) (Figure 2C). EBOV particles are approximately 80-90 nm in diameter and on 

average 900-1000 nm in length (Beniac et al., 2012; Bharat et al., 2012). Like other non-

segmented negative-sense single-stranded (NNS) viruses the EBOV genome is also 

encapsidated by the NP. The NP-RNA complex assembles into the helical nucleocapsid 

with other viral proteins  (Ruigrok et al., 2011)and serves as the template for genome 

replication (Bharat et al., 2012). Three proteins ï NP, the minor matrix protein VP24, and 



Introduction 

19 
 

the polymerase cofactor VP35 ï form the 50 nm diameter helical nucleocapsid (Huang et 

al., 2002). The VP24-VP35 heterodimer bridge holds the adjacent NP molecule 

horizontally (Beniac et al., 2012). VP30 is a component of the nucleocapsid by its 

interaction with NP, but it is dispensable for nucleocapsid formation. It has been 

suggested that it resides in the interior side of the nucleocapsids, not on the peripheral 

bridge (Beniac et al., 2012; Groseth et al., 2009; Huang et al., 2002). Interestingly, EBOV 

particles have shown extensive polyploidy, and in one instance 22 genome copies were 

observed in a viral particle. The filamentous shape may provide EBOV an advantage in 

disseminating in infected tissues by diapedesis of virus budding through epithelial layers 

(Beniac et al., 2012). 

 1.6 EBOV Genome 

EBOV has a 18.9 kilobase (kb) long, NNS RNA genome with seven linearly 

arranged genes 3ô (leader)-NP-VP35-VP40-GP-VP30-VP24-L-(trailer) 5ô (Breman et al., 

1999) (Figure 3). EBOV genes have conserved transcriptional start 

(3ôCUC/ACUUCUAAUU) and stop signals [UAAUUCAAAAA(A) ]. It has been 

reported that transcription starts exactly with the first nucleotide of the start signal and 

terminates at the consensus stop signal with a poly A-tail (Mühlberger, 2007; Muhlberger 

et al., 1996).  
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Figure 2. Morphology and structure of EBOV. (A) Electron micrograph image of EBOV-infected Vero E6 cells showing virus 

budding out from the infected cell membrane; (B) Electron micrograph image of a single EBOV particle. Both images are kindly 

provided by Dr. Victoria Wahl-Jensen. (C) Schematic of an EBOV virion. The transmembrane glycoprotein (GP1,2) forms spikes on 

the virion surface. The nucleoprotein (NP), viral protein (VP) 35, VP 30, and RNA-dependent RNA polymerase (L) form the 

ribonucleoprotein (RNP) complex together with the genomic RNA. VP40 and VP24 are the major and minor matrix proteins, 

respectively.   

A. B. C. 
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Gene overlaps have been observed between VP35-VP40, GP-VP30, and VP24-L. Short 

intergenic regions (IR) (varying in length and nucleotide composition) separate non-

overlapping genes (NP-VP35, VP40-GP, and VP30-VP24) (Mühlberger, 2007; Sanchez, 

2007) (Figure 3). The 3ô termini of the EBOV genome (leader) is short (on average 50-70 

bases), but the 5ô termini of the genome (trailer) is variable in length. Interestingly, the 

extreme termini of the leader and trailer sequences are conserved, show greater 

complementarity, and are thought to form a secondary structure (stem-loop) (Sanchez, 

2007; Sanchez et al., 1993). Each EBOV gene, except for the GP gene, codes for a single 

structural protein that is translated from a monocistronic mRNA. This mRNA sequence is 

the complementary copy of the negative-strand of the respective gene (Volchkov et al., 

1999). Interestingly, the GP gene organization and expression is different because it 

contains an editing site (ES) (a hepta uridine stretch), which is conserved in all EBOV 

species. The ZEBOV RNA-dependent RNA polymerase (RdRP), L, edits the GP gene 

transcript at the ES, thus producing multiple proteins from the same gene (Sanchez, 

2007).  
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Figure 3. Schematic illustration of the Zaire ebolavirus genome. Seven genes are 

linearly arranged on the non-segmented negative-sense single-stranded RNA genome. All 

structural proteins are chronologically expressed from the 3ô termini of the genome in the 

order nucleoprotein, NP; polymerase cofactor, VP35; matrix protein, VP40; 

transmembrane glycoprotein, GP1,2 ; transcription activator protein,VP30; minor matrix 

protein,VP24; and RNA dependent RNA polymerase, L. The genome possesses non 

coding sequences at the 3ô and 5ô termini designated leader and trailer sequences, 

respectively. Genes are flanked by conserved start and stop signals, which overlap 

between genes VP35 and VP40, GP and VP30, VP24 and L. The non-overlapping genes 

are separated by intergenic region (IR) of variable length. The GP gene has an editing site 

(ES), which allows site-specific RNA editing to produce multiple proteins.
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1.7 EBOV Life Cycle 

1.7.1 Attachment and Entry 

The EBOV GP1,2 is a type 1 transmembrane glycoprotein that forms spikes on the 

virion surface, and mediates binding and entry into target cells (Elliott et al., 1985; 

Feldmann and Klenk, 1996). A definitive receptor for EBOV entry has not been 

identified; however, several cell surface proteins have been proposed as being involved in 

EBOV entry. GP1,2 is highly glycosylated; therefore, it is proposed that GP1,2 interacts 

with C-type lectins during the early stage of infection (Figure 4). A pseudotyped 

lentivirus expressing EBOV GP1,2 showed enhanced entry via dendritic cell (DC)-specific 

intracellular adhesion molecule (ICAM)-3-grabbing non-integrin (DC-SIGN) or L-SIGN 

expressing non-permissive Jurkat cells (Alvarez et al., 2002; Simmons et al., 2003). DC-

SIGN is a type II membrane protein with a C-type lectin extracellular domain, and it 

plays an important role in host cellular migration and immune response. L-SIGN is a 

homolog of DC-SIGN and it is expressed on the surface of endothelial cells in the liver, 

lymph node sinuses and placental villi (Alvarez et al., 2002; Bashirova et al., 2001). 

Although there has been experimental evidence of an interaction between the glycan cap 

or mucin-like domain of EBOV GP1,2 with C-type lectins, deleting either of these 

domains did not reduce virus transduction efficiency. Therefore, it appears that C-type 

lectins act as an entry enhancement factor rather than as a specific cellular receptor that 

mediates virus entry (Hunt et al., 2012). Human macrophage galactose- and 

acetylgalactose-amine-specific C-type lectin (hMGL), which is expressed on the surface 

of immature DC and macrophages, was also identified as a potential factor for EBOV 

entry (Takada et al., 2004). Another endothelial cell surface protein, the lymph node 
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sinusoidal endothelial cell C-type lectin (LSECtin/CLEC4G), has been shown to interact 

with EBOV (Figure 4). Although LSECtin is similar to DC-SIGN, it recognizes only N-

acetylglucosamine and not mannose or N-acetyl-galactosamine moieties (Dominguez-

Soto et al., 2007; Gramberg et al., 2005). The ɓ-integrin adhesion receptor on cells, a 

surface adhesion molecule involved in cell-cell adhesion, migration, proliferation, 

differentiation and apoptosis, has been identified as playing a role in EBOV entry 

(Arnaout et al., 2005; Takada et al., 2000). However, no direct interaction is evident 

between any part of GP1,2 and a member of the ɓ-integrin family of proteins (Hunt et al., 

2012). Folate receptor-Ŭ (FR-Ŭ), a glycosyl-phosphatidylinositol-linked (GP1-linked) 

protein that is highly conserved in many mammalian species, was identified as a co-factor 

in EBOV entry (Casillas et al., 2003; Lee et al., 1996). Similarly, three members of the 

Tyro3 family tyrosine kinase receptors (TAM) (i.e. Ax1, Dtk, and Mer), which are found 

on the plasma membrane of various cell types involved in cell migration and are highly 

conserved in different mammalian species, were reported to play a role in EBOV entry 

(Shimojima et al., 2006). Increased Axl expression on the cell surface increased EBOV 

entry via macropinocytosis but it is not considered an EBOV entry receptor due to 

insufficient evidence of direct interaction with GP1,2 (Hunt et al., 2012). T-cell 

immunoglobulin and mucin domain-1 (TIM-1) expressed on mucosal epithelia from the 

trachea, cornea, and conjunctiva was proposed as an EBOV entry receptor. TIM-1 

interacts with the mucin-like domain of GP1,2 and this interaction is enhanced with 

removal of the glycan cap (Kondratowicz et al., 2011).  

It has been suggested that EBOV may use multiple receptors (non-lectin) for 

attachment and internalization (Freeman et al., 2010; Miller and Chandran, 2012).
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Figure 4. EBOV life cycle. 1. Interaction between GP1,2 and the potential host cell 

receptor(s) or attachment factor(s) (such as C-type lectins and/or T-cell immunoglobulin 

and mucin domain 1) on the cell surface. 2. Entry via macropinocytosis. 3. Early 

endosome formation. 4. Trafficking to the late endosome and GP processing (GP1,2 

cleavage by endosomal cysteine proteases); potential interaction with Neuman-Pick type 

C1 (NPC1). 5. Late endosome/ lysosome fusion. Fusion releases encapsidated genome 

into the cytoplasm. 6. Replication generating complementary (+) strand RNA which 

serves as a template for the synthesis of (-) strand RNA. 7. Transcription of viral genes 

and co-transcriptional RNA editing at the GP gene editing site. 8. Translation. 9. 

Glycoprotein processed through endoplasmic reticulum (ER) and Golgi complex; non-

structural soluble glycoprotein (sGP) secreted from the infected cells. 10. Assembly. 11. 

Progeny virion release.  
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Pseudotyped virus systems have been used for most of the studies characterizing entry; 

therefore, the roles of candidate molecules in entry have yet to be verified during EBOV 

infection. 

It has been suggested that like most of the enveloped viruses EBOV enters cells 

by receptor-mediated endocytic pathways such as macropinocytosis, clatherin-mediated 

endocytosis, caveolin-mediated endocytosis, and clatherin- and caveolin- independent 

endocytosis (Conner and Schmid, 2003; Dolnik et al., 2008). Endocytic pathways depend 

on a large number of lipid rafts; and, different studies have confirmed the involvement of 

lipid rafts in entry using pseudotyped systems (Bavari et al., 2002; Empig and Goldsmith, 

2002; Yonezawa et al., 2005). EBOV may enter different cell types using different entry 

mechanisms (Dolnik et al., 2008). A recent study showed that ZEBOV enters cells 

independently of clathrin, caveolae, and dynamin (Saeed et al., 2010). EBOV entry 

requires cholesterol in the cell membrane, and the uptake mechanism is related to 

macropinocytosis and this process seems GP1,2 dependent (Nanbo et al., 2010; Saeed et 

al., 2010). In addition, several studies on EBOV entry also emphasized macropinocytosis 

as a virus internalization process because virions are too big to fit into smaller endocytic 

vesicles (Figure 4). However, virus uptake seems to be depend on GP1,2 rather than virion 

size or morphology. Receptor-mediated binding potentially initiates macropinocytosis 

because macropinocytosis needs external stimulation to activate the signal cascade that 

induces alterations in the actin filament dynamics and triggers plasma membrane ruffling 

and blebs. This process results in the entrapment of large volumes of extracellular fluid. 

Interestingly, single membrane fission is adequate to close a macropinosome, which is 

regulated by a number of host factors (such as kinases) (Aleksandrowicz et al., 2011; 
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Mercer and Helenius, 2009; Miller and Chandran, 2012; Nanbo et al., 2010; Saeed et al., 

2010). 

A series of events during EBOV internalization in endosomes leads to viral 

membrane fusion, allowing the virus genome to be delivered into the cytoplasm. The 

fusogenic cleavage product GP2 plays an important role in this process (Weissenhorn et 

al., 1998a). In the early stage of fusion, endosomal proteases, especially cysteine 

proteases (cathepsin L and cathepsin B), proteolytically cleave GP1, generating a key 19 

kilodalton (kDa) GP1 intermediate. A third endo/lysosomal factor, thiol reductase, has an 

inhibitory effect on the cysteine proteases in a low pH environment, thus allowing fusion 

to occur in endo/lysosomal compartments (Chandran et al., 2005; Schornberg et al., 

2006). Although several in vitro studies have shown that cysteine proteases contribute to 

EBOV GP1,2 processing, their role for EBOV infection in vivo has yet to be confirmed 

(Miller and Chandran, 2012). In addition, cathepsin involvement in EBOV entry is cell-

type dependent (Martinez et al., 2010). A more recent study confirmed that 19 kDa GP1 

binds to the lysosomal membrane and triggers fusion at low pH (Brecher et al., 2012). In 

addition, the cholesterol transporter, Neiman-Pick C1 (NPC1) has been identified as an 

EBOV entry factor. This has been confirmed independently by another group by using 

small molecule inhibitors (Carette et al., 2011; Côté et al., 2011). NPC1 is a multipass 

membrane protein localized to late endosomes and lysosomes that plays a part in 

lysosomal efflux of low-density lipoprotein-derived cholesterol. NPC1 contributes to 

EBOV genome release into the cytoplasm by initiating GP dependent fusion between 

viral and cellular membranes (Carstea et al., 1997; Côté et al., 2011; Miller and 

Chandran, 2012). 
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1.7.2 Transcription & Replication 

After fusion of the viral and cellular endosomal membranes, the viral 

nucleocapsid is released into the cytoplasm. EBOV transcription and replication take 

place in the cytoplasm of the infected cell (Figure 4). Like other NNS RNA viruses, 

EBOV encodes its own RdRP. The RdRP recognizes the encapsidated RNA genome 

rather than naked RNA as a template for transcription and replication. Similar to other 

NNS RNA viruses, EBOV transcription is controlled by an inherent feature of 

polymerase entry at a single 3ô-proximal site followed by compulsory sequential 

transcription of linearly arranged genes. The level of gene expression is controlled not 

only by gene position, but also by cis-acting sequences that are located at the beginning 

and the terminal region of each gene as well as the intergenic junction (Mühlberger, 

2007; Whelan et al., 2004). EBOV transcription start signals are thought to form stable 

RNA secondary structures, which are involved in the VP30-driven regulation of early 

transcription (Mühlberger, 2007). EBOV replication requires a replicative intermediate, 

the RNA antigenome ï a full length positive-sense genome that is encapsidated with NP 

produced during transcription. The viral polymerase then uses the antigenome as a 

template for progeny genome synthesis. The ribonucleoprotein (RNP) complex plays an 

important role in replication and transcription, including capping and polyadenylation 

(Mühlberger, 2007). EBOV NP and VP40 were shown to accumulate and form inclusion 

bodies during viral infection. These inclusion bodies are found in a highly organized 

region in the cytoplasm where viral morphogenesis occurs by assembling nucleocapsids 

for progeny virions (Kolesnikova et al., 2002; Ryabchikova and Price, 2004).   
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1.7.3 Budding 

The order of sequential steps in EBOV budding are still unknown. However, two 

contrasting mechanisms have been proposed: a ñsubmarine-likeò budding and a ñrocket-

likeò protrusion. Electron tomography of filovirus budding steps confirms that in the 

initial stage released infectious virus particles are filamentous, but that over time they 

change into spherical particles (Welsch et al., 2010). The matrix proteins of 

Mononegavirales have been shown to be the driving force for particle assembly and 

budding. Matrix proteins can interact with and polymerize at the cellular membrane and 

link other viral proteins to form the final shape and structure of virions (Figure 4). This 

ability to interact with multiple partners is dependent on conformational changes of the 

matrix protein. EBOV matrix protein, VP40, has an N-terminal oligomerization and C-

terminal membrane binding domain that have a unique fold and are connected by a 

flexible linker (Dessen et al., 2000; Garoff et al., 1998; LENARD, 1996). N-terminal 

sequences of VP40 regulate the oligomerization in the lipid raft of the plasma membrane 

during the virus budding process (Panchal et al., 2003). VP40 is able to easily transition 

into a ring like structure (either an octamer or hexamer) due to its metastable 

conformation (Dolnik et al., 2008). Another EBOV protein, NP, has been shown to serve 

as the backbone of the nucleocapsids and plays a role in virus budding (Bray, 2009). 

1.8 EBOV Pathogenesis and Evasion of Host Immune Response 

EBOV targets antigen-presenting cells (APC) such as monocytes, macrophages 

and DCs for replication. Virus can spread into tissue macrophages in the liver, spleen, 

and other organs (Schnittler and Feldmann, 1998; Zaki and Goldsmith, 1999). It has been 
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speculated that uncontrolled elevation of host immune responses might contribute to the 

fatal outcome in EHF patients. Sequential blood samples from EBOV-infected patients 

during an outbreak in DRC in 1995 allowed scientists to study the serum cytokine profile. 

Fatal cases showed increased levels of IL-2, IL-10, IFN-ɔ, tumor necrosis factor (TNF)-Ŭ, 

and IFN-Ŭ compared to patients that survived (Villi nger et al., 1999). A closer look at the 

immune response against EBOV infection was revealed by comparing the immune 

responses of survivors and of those who died from EHF during outbreaks between 1994 

and 1996 in Gabon. During these outbreaks humoral and T-cell responses from the 

symptomatic patients showed that early and vigorous humoral responses against NP, 

VP35, and VP40 were associated with survival. In addition, cytotoxic cell activation was 

observed in patients at the recovery stage of disease. In fatal cases, responses were 

characterized by defective humoral responses and by early T-cell activation followed by 

T-cell apoptosis (Baize et al., 2002; Baize et al., 1999). Importantly, in fatal cases the 

immunological responses were disrupted by EBOV infection of APCs, which are key 

components of the innate and adaptive immune responses (Bosio et al., 2003; Geisbert et 

al., 2003c; Mahanty et al., 2003). EBOV infection of NHPs revealed that infected 

macrophages not only release cytokines and chemokines but also elevate the production 

of cell surface adhesion and procoagulant molecules, which increased endothelial 

permeability and destroyed endothelial cells. These events during infection probably 

contribute to hemorrhagic diathesis and shock (Geisbert et al., 2003c; Hensley et al., 

2002; Stroher et al., 2001).   

EBOV has several strategies to block cellular responses to type I IFN and 

multifunctional cytokines that regulate innate and adaptive immune responses (Cárdenas, 
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2010). In particular, EBOV VP35 blocks the initial steps in IFN production, thus 

inhibiting phosphorylation and activation of IRF regulatory factors- 3 and 7 (IRF-3 & 7), 

transcription factors responsible for orchestrating cellular antiviral programs (Barnes et 

al., 2002; Basler et al., 2003; Levy et al., 2002). EBOV VP24 also plays a role in immune 

evasion by inhibiting IFN signaling through the common Janus Kinase and signal 

transducer and activator of transcription (JAK-STAT) pathway. In particular, it blocks 

the interaction between phosphorylated STAT1 (PY-STAT1) and nuclear transport 

protein, karyopherin Ŭ-1, thus inhibiting nuclear translocation. Thus, VP24 has been 

shown to play an important role in the impairment of both type I and type II IFN 

signaling (Leung et al., 2006; Mateo et al., 2010). EBOV GP1,2 has an 

immunosuppressive-like domain, which may be involved in host cell immune evasion 

(Volchkov et al., 1992). In vitro studies with EBOV VLPs showed that interaction 

between the GP1,2  on VLPs and the toll-like receptor 4 (TLR4) resulted in the release of 

proinflammatory cytokines and suppression of cytokine signaling 1 (SOCS1) in a human 

monocytic cell line and a human endothelial kidney cell line (HEK293) stably expressing 

the TLR4/MD2 complex. It has been reported that SOCS1 regulates IFN-dependent 

pathways by not only reducing IFN-ɓ production but also reducing STAT1 

phosphorylation (Prêle et al., 2008). 

1.9 EBOV Proteins 

1.9.1 Nucleoprotein (NP)  

NP is encoded by the first gene of the EBOV genome and encapsidates the viral 

genome via a hydrophobic domain present in the N-terminal region. It also serves as the 
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backbone of the nucleocapsids and plays a role in virus budding (Bray, 2009). A 

mutational study determined that the NP is important for virion capsid assembly and 

plays a major role in replication and transcription, along with VP24 and VP35 (Huang et 

al., 2002; Muhlberger et al., 1999). Structural studies have confirmed that NP, VP35, and 

VP24 are the main components required for the formation of a double layered 

nucleocapsid. VP35 and VP24 form the bridge (VP35-VP24 heterodimer) located on the 

periphery of the nucleocapsid that holds the NP molecules together horizontally. This not 

only proves that NP interacts independently with VP35 and VP24 but also implies that 

VP35 and VP24 can interact with each other and also interact with different sites on the 

NP (Beniac et al., 2012). Interestingly, both asymptomatic and symptomatic EHF patients 

showed a higher level of NP-specific antisera than that of sera against other EBOV 

proteins, such as VP40, VP35, and GP1,2 (Baize et al., 1999; Leroy et al., 2000). As NP is 

the most abundant protein and antibodies are present in both survivors and fatal cases, 

antigen-capture ELISA based on NP is a commonly accepted method to rapidly detect 

EBOV antigen (Ikegami et al., 2003).  

1.9.2 Viral Protein (VP) 35 

Similar to other NNS viruses, the EBOV second gene encodes a phosphoprotein 

(VP35) known as a polymerase cofactor (Cozelmann, 2004). VP35 shows similarities 

with other NNS phosphoproteins (Mühlberger et al., 1998). It is a 35 kDa protein, and 

constitutes nearly 25% of the virion protein content (Elliott et al., 1985). In vitro studies 

of EBOV nucleocapsid assembly confirm that VP35 is necessary, in combination with 

NP and VP24, for nucleocapsid formation (Beniac et al., 2012; Huang et al., 2002). VP35 

has also been identified as an IFN antagonist that affects type I IFN gene activation by 
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inhibiting IRF-3 function (Basler et al., 2000). The IFN antagonistic function is 

dependent on its C-terminal IFN inhibitory domain (IID) that binds to dsRNA and 

interferes with dsRNA-dependent protein kinase R (PKR) activity; however, dsRNA 

binding-independent inhibition of IFN signaling has also been observed (Cárdenas et al., 

2006; Feng et al., 2007; Schumann et al., 2009). VP35 is also identified as a potent 

inhibitor of RNA interference (RNAi), an innate antiviral response in mammalian cells 

(Haasnoot et al., 2007). VP35 also has an inhibitory effect on the IFN pathway that is 

regulated by PKR. By interfering with multiple IFN-mediated pathways, VP35 strongly 

facilitates virus spread and dissemination (Feng et al., 2007).  

1.9.3 Viral Protein (VP)40  

VP40 is the matrix protein based on its position in the genome, its 

hydrophobicity, and its abundance in the virion; however, it shares neither sequence nor 

structural homology with matrix proteins from other NNS RNA viruses (Bukreyev et al., 

1993; Timmins et al., 2004). This abundant protein is the major part of the virion and 

underlies the virion envelope membrane where it plays an important role in maintaining 

the structural integrity of the virus particle. It is a multifunctional protein that associates 

with the cellular membrane and plays a major role in both virus particle morphogenesis 

and viral egress from infected cells (Feldmann and Klenk, 1996; Neumann et al., 2004; 

Ruigrok et al., 2000; Timmins et al., 2004; Timmins et al., 2001). VP40 has proline-rich 

motifs (both PPxY and PTAP) in the C-terminal domain that mediate the association with 

cellular proteins such as human neural precursor cell expressed developmentally down-

regulated protein 4 (Nedd4) and tumor susceptibility gene 101 (Tsg101) (Harty et al., 

2000; Licata et al., 2003; Yasuda et al., 2003). The VP40 N-terminal domain is 
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responsible for VP40 oligomerization. Analysis of the crystal structure of VP40 revealed 

the mechanism of its conversion from a monomeric conformation to a hexameric or 

octameric form. Four antiparallel homodimers (N-terminal domain) of VP40 form a disk-

shaped octameric form, which supports RNA binding (Dessen et al., 2000; Gomis-Rüth 

et al., 2003; Ruigrok et al., 2000; Timmins et al., 2001). It has been shown that the VP40 

octameric form is not crucial for VLP formation in vitro, but that RNA binding via the 

VP40 octameric form is important in virus morphogenesis (Hoenen et al., 2005). The coat 

protein complex II (COPII) transport system is used by VP40 for intracellular transport to 

the plasma membraneð this is evident by the interaction between a component of the 

COPII system, Sec24C, and VP40 (residues 303-307) (Yamayoshi et al., 2008). Co-

expression of VP40 and GP1,2 in mammalian cells results in the production of filamentous 

virus-like particles that resemble infectious EBOV particles. This may indicate that GP1,2 

and VP40 interact during virus infection (Bray, 2009; Noda et al., 2002). Interestingly, 

VP40 alone can mediate the production of filamentous VLPs (Bray, 2009; Jasenosky et 

al., 2001). 

1.9.4 Viral Protein (VP)24  

VP24 is a membrane-associated secondary matrix protein that may be involved in 

linking VP40 and GP1,2 to the RNP. It is a 24 kDa hydrophobic protein and a minor 

component of the EBOV virion. VP24 has an association with the lipid membrane, and it 

localizes to the plasma membrane and perinuclear region in infected cells, suggesting that 

it may play a role in virus assembly and budding (Anthony Sanchez, 2007; Bray, 2009; 

Han et al., 2003). VP24 facilitates the assembly of functional nucleocapsid (Hoenen et 

al., 2006b). VP24 also plays an important role in host cell immune evasion as an IFN 
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antagonist by inhibiting IFN-Ŭ/ɓ and IFN-ɔ signaling, thereby blocking nuclear 

accumulation of STAT1. VP24 specifically recruits the nuclear transport protein, 

karyopherin-Ŭ-1, blocking its interaction with tyrosine PY-STAT1, which impairs type I 

and type II IFN signaling (Leung et al., 2006; Reid et al., 2006). Interestingly, it has been 

shown that VP24 plays an important role in virus adaptation in mice (Bray et al., 1998; 

Ebihara et al., 2006) and guinea pigs (Volchkov et al., 2000).  

1.9.5 Viral Protein (VP)30  

The EBOV genome encodes several proteins necessary for transcription and 

replication. In addition to NP, VP35, and L, VP30 is a transcription factor, which is 

encoded by the fifth gene of the genome. Similar to pneumovirus M2-1, EBOV VP30 is a 

zinc-binding protein. Among the negative-sense RNA viruses these two viruses are 

unique in terms of requiring an additional factor for transcription and replication (Modrof 

et al., 2003; Mühlberger et al., 1998; Whelan et al., 2004). There have been several 

studies to characterize VP30-based transcriptional activation; however, the precise 

mechanism is not fully understood. Using a monocistronic minigenome assay, which is 

an artificial system for viral transcription and replication, it has been shown that VP30 

regulates a very early stage of transcription, most likely early anti-termination. 

Importantly, VP30 dependent transcription is influenced by the RNA secondary structure 

formed by the promoter-proximal transcription start signal of the NP gene and a 

downstream-located sequence (Mühlberger, 2007). Similar to NP, VP30 binds to RNA 

(Bray, 2009). It contains an arginine-rich region (residues, 26-40) at the N-terminus that 

supports pH-dependent RNA binding (John et al., 2007). However, VP30 is not required 

for transcription reinitiation between genes at the internally positioned gene start sites 
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(Mühlberger, 2007; Weik et al., 2002). The oligomerization of VP30, mediated by 

hydrophobic amino acids at positions 94-112, is important for virus transcription, but 

phosphorylation negatively regulates transcription (Hartlieb et al., 2003; Modrof et al., 

2002). Phosphorylation of VP30 is assumed to be a vital factor determining whether the 

protein regulates transcription activation or assembly. VP30 has two regions (a basic 

cluster around Lys180 and Glu197) that NP presumably interacts with, and these 

interactions might provide two different functions. The VP30 N-terminal domain 

mediates the interaction with the NP-RNA helical-coil structure; in contrast, the C-

terminal domain mediates the interaction with NP-RNA nucleocapsid complexes, 

allowing transport to the assembly site and incorporation into virions (Hartlieb et al., 

2007). It has been proposed that VP30 might regulate virus transcription activity, and 

may govern the balance between transcription and replication. However, increased VP30 

concentration suppressed transcription (Ascenzi et al., 2008). In addition to its role as a 

transcription activator, VP30 is involved in nucleocapsid assembly and interacts with NP-

derived inclusion bodies (Muhlberger, 2002). 

1.9.6 RNA Dependent RNA Polymerase (L) 

EBOV L is a large protein, that drives both transcription and replication with the 

help of other EBOV proteins (Volchkov et al., 1999). The EBOV L gene shows sequence 

similarity with other NNS L proteins, particularly MARV and certain paramyxoviruses. 

Importantly, they all have a 2ô-O-ribose methyltransferase domain activity that mediates 

capping of viral mRNAs (Ferron et al., 2002). It has been reported that the RNA-GDP 

polyribonucleotidyltransferase domain is involved in L-mediated capping (Ogino and 
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Banerjee, 2007). The L protein also contains linear conserved domains that are common 

for L proteins of NNS RNA viruses (Volchkov et al., 1999).  

1.9.7 Glycoproteins (GP) 

The EBOV surface contains glycoprotein spikes, which are composed of the only 

transmembrane glycoprotein, expressed from the fourth gene in the genome. GP1,2 is a 

major pathogenicity factor, as it mediates virus entry through receptor binding and 

membrane fusion (Takada et al., 1997). The EBOV GP gene contains a unique ES 

leading to the modulation of multiple transcripts through RNA editing. The most 

abundant transcript of the GP gene is unedited and encodes for a soluble glycoprotein 

(sGP) that is subsequently proteolytically cleaved into ȹ-peptide and mature sGP (Figure 

5). The less abundant transcript is edited by the insertion of an extra non-template 

adenosine (A) residue at the ES, resulting in a frame-shift allowing expression of GP1,2 

(Figure 5). The ratio of sGP to GP1,2 specific transcripts is 4:1 (Sanchez et al., 1996; 

Volchkov et al., 1995).  

1.9.7.1 Soluble Glycoprotein (sGP) 

sGP is encoded from the unedited GP gene transcript, and is the most abundant 

GP gene product. Its signal peptide (SP) (first 1-32 aa) is cleaved by the cellular 

signalase. Furin cleavage results in the mature sGP and the carboxy-terminal cleavage 

fragment, ȹ-peptide, a secreted peptide (Volchkova et al., 1999). sGP has been detected 

in the serum of infected humans (Sanchez et al., 1996; Volchkova et al., 1998). sGP is a 

homodimeric soluble protein that is arranged in a parallel orientation through 

intermolecular disulfide bonds between paired Cys53-Cys53ô and Cys306-Cys306ô 
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residues. In addition, there are intramolecular-disulfide bonds between Cys108-Cys135 

and Cys121-Cys147 within each monomer. A recent study has shown that ZEBOV sGP 

forms a structural complex with GP1 (Iwasa et al., 2011). sGP is consistently post-

translationally N-linked glycosylated at residues N40, N204, N228, N257, and N268 and 

infrequently at N238 (Falzarano et al., 2006; Sanchez et al., 1998; Volchkov et al., 1995). 

sGP is also C-mannosylated at residue W288 (Falzarano et al., 2007). It has been 

postulated that sGP potentially blocks EBOV-neutralizing antibodies (Kindzelskii et al., 

2000; Yang et al., 1998). It has also been suggested that sGP potentially interferes with 

the innate immune response by binding to CD16b and inhibiting neutrophil activation 

(Kindzelskii et al., 2000; Yang et al., 1998); however, several studies could not confirm 

the finding (Maruyama et al., 1998; Sui and Marasco, 2002). In contrast to GP1,2, sGP did 

not induce macrophage activation nor did it increase the permeability of endothelial cells 

(Wahl-Jensen et al., 2005a; Wahl-Jensen et al., 2005b). A recent study showed that sGP 

counteracts the permeability-increasing effect of the pro-inflammatory mediator TNF-Ŭ, 

and thereby may interfere with leukocyte extravasation (Falzarano et al., 2006; Wahl-

Jensen et al., 2005a).  

1.9.7.2 ȹ-Peptide 

ȹ-peptide is a secreted glycopeptide generated through proteolytic cleavage from 

the precursor sGP (cleaved by furin at the 324 aa position). The length of this protein (40-

48 aa) varies depending on the EBOV species. It has a molecular weight of 10-14 kDa, 

which is higher than predicted due to post-translational processing, e.g. O-glycosylation 

and sialylation (Volchkova et al., 1999).
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Figure 5. Glycoprotein (GP) gene products. GP gene has a conserved editing site (ES). 

During transcription the viral polymerase L edits GP gene-derived transcripts at the ES 

leading to multiple protein products. The majority of GP gene transcripts is unedited, and 

encode Pre-sGP that is proteolytic processed (signal peptide cleavage and furin cleavage) 

into the mature soluble glycoprotein (sGP) and the secretory ȹ-peptide. Two monomeric 

sGP form a homodimer with parallel orientation. The transmembrane glycoprotein 

(GP1,2) is expressed from the edited transcript as a precursor (Pre-GP) and cleaved by 

furin into GP1 and GP2 to form the trimeric surface glycoprotein (GP1 and GP2 disulfide-

linked). This figure is adapted from (Falzarano, 2010) with permission.
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There is no function identified for the ȹ-peptide; however, it has been shown that ȹ-

peptide potentially inhibits virus entry as demonstrated by the use of pseudotyped 

retroviruses expressing either EBOV or MARV GP1,2 (Radoshitzky et al., 2011).  

1.9.7.3 Transmembrane Glycoprotein (GP1,2) 

The EBOV GP1,2 is a class 1 viral membrane fusion glycoprotein, similar to the 

human immunodeficiency virus (HIV-1) envelope (Env) and the influenza virus 

hemagglutinin (HA) protein (Harrison, 2008; Lee and Saphire, 2009; Malashkevich et al., 

1999; Weissenhorn et al., 1998b). GP1,2 is processed from a precursor glycoprotein 

(PreGP) by furin cleavage, resulting in the 130-140 kDa N-terminal fragment GP1 and a 

24-26 kDa C-terminal fragment, GP2. GP1 and GP2 are joined to one another by a 

disulfide bond to form a ~150 kDa heterodimer. This disulfide bond between Cys53 of 

GP1 and Cys609 of GP2 is formed before furin cleavage. PreGP also undergoes co- and 

post-translational modifications such as SP cleavage, N-glycosylation, and O-

glycosylation and these glycosylations account for one third of PreGPôs apparent 

molecular weight. GP1,2 is transported to the cell surface using the classical endoplasmic 

reticulum (ER) pathway, where it remains anchored in the cell membrane by a 

hydrophobic domain in the C-terminus of GP2 (Dolnik et al., 2004; Feldmann et al., 

2001; Sanchez et al., 1998; Volchkov et al., 1995; Volchkov et al., 1998). GP1,2 forms 

spike (a metastable non-covalently attached trimer of heterodimers) on the virion surface. 

The crystal structure of this protein has been resolved in an immune complex with the 

neutralizing MAb Fab KZ52 (Lee et al., 2008; Sanchez et al., 1996; Sanchez et al., 1998). 

A putative receptor binding domain (RBD) is present in GP1 (54-201 aa) (Kuhn et al., 

2006). In this domain at least 19 residues have been found to be important for attachment 
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and entry (Brindley et al., 2007; Manicassamy et al., 2005; Mpanju et al., 2006). 

Recently, an HIV-based pseudotype system revealed that Arg64 and Lys95 are involved 

in receptor binding; it was also shown that Ile170 is important for viral entry but is not 

directly involved in receptor binding (Wang et al., 2011). While GP1 attaches to the target 

cells, GP2 is responsible for the fusion of viral and cellular membranes. GP2 contains the 

internal fusion loop and heptad repeats (HR1 and HR2). The GP2 ectodomain possesses 

coiled-coil and disulfide-bonded loops (Malashkevich et al., 1999; Weissenhorn et al., 

1998a; Weissenhorn et al., 1998b). After entry, GP1,2  is further cleaved by endosomal 

cathepsin L and B, resulting in the trimming of GP1 at loop residues 190-213. Eventually 

the 450 kDa trimeric GP1,2 forms a truncated product, a 39 kDa protein, consisting of 

trimmed GP1 and the entire GP2. These cathepsin cleavages expose the RBD on the 

remaining GP1, which facilitates fusion of the viral and cellular membranes (Bale et al., 

2011; Chandran et al., 2005; Dube et al., 2009; Schornberg et al., 2006). GP1,2  is the 

major antigenic determinant of EBOV and it was found to initiate innate immune 

responses by inducing a pro-inflammatory response similar to that of lipopolysaccharides 

(LPS) and by suppressing SOCS1. SOCS1 is known for regulating IFN-dependent 

pathways by decreasing IFN-ɓ production and STAT1 phosphorylation. Therefore, GP1,2  

is also involved in host cellular immune evasion (Martinez et al., 2007; Okumura et al., 

2010; Prêle et al., 2008). 

1.10 RNA Editing 

Transcriptional editing or RNA editing is the process of alteration of a genome 

transcript during or after transcription. It results in alteration of the open reading frame 

(ORF). RNA editing was first discovered in the kinetoplastid protozoa, where insertion 
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and deletion of uridylates (Us) occurs in the mitochondrial pre-mRNA by a post-

transcriptional process (Brennicke et al., 1999; Stuart et al., 1997). RNA editing 

mechanisms are diverse, ranging from nucleotide modification, such as cytidylates (C) to 

uridylates (U) and adenosines (A) to inosines (I) deaminations, to insertion of non-

templated nucleotide(s). Although RNA editing may occur post-transcriptionally in 

prokaryotes (Brennicke et al., 1999), in viruses, especially paramyxovirusesô P genes, and 

in mitochondrial RNA editing of eukaryotes (e.g. Physarum polycephalum), it occurs co-

transcriptionally (Brennicke et al., 1999; Hausmann et al., 1999a). The mechanism of 

Physarum polycephalum editing is rather complex and its specificity is unclear. 

Approximately 1000 different sites in its 60 kb genome have been found where single or 

dinucleotides of either C or U were inserted by RNA editing (Visomirski-Robic and Gott, 

1997a, b). In contrast, paramyxovirus RNA editing is simpler and occurs in the P/V gene 

where only guanylate (G) residues are added at a defined 3ô-UnCn-5ô site. All the 

members of Paramyxovirinae, except human parainfluenza virus type-1 (HPIV-1), 

perform editing, also known as pseudo-template transcription, which was first described 

for Simian virus 5 (SV5) in the Rubulavirus genus. A genetically programmed insertion 

of G residues during transcription generates three distinct mRNA species with common 

ORFs located upstream and altered ORFs downstream of the ES. Paramyxoviruses use a 

stuttering process for RNA editing, which has been described by a competitive kinetic 

model (Cozelmann, 2004; Hausmann et al., 1999a; Kolakofsky et al., 1993; Kolakofsky 

and Hausmann, 1998; Thomas et al., 1988). Briefly, the RdRP stalls, probably due to 

changes in stability between the templateïnascent strand hybrid at the vicinity of the 

editing sequence. As a result, the RdRP can go through one or more cycle of polymerase 
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and nascent strand realignment followed by template transcription. The number of cycles 

and the number of nucleotide insertions during this process are controlled by the ES 

sequence and cis-acting sequences (Whelan et al., 2004). Members of the Morbilivirus 

and Respirovirus genera and Newcastle disease virus (NDV) produce a genome-encoded 

P ORF from the P gene, but insertion of one G residue at the ES produces the V ORF (or 

D ORF for human parainfluenza virus type-3, HPIV-3). In contrast, members of the 

Rubulavirus genus encode a V ORF that is a faithful copy of the P gene, but insertion of 

two G residues at the ES encodes the P protein. Similarly, in members of the Henipavirus 

genus, V and W ORFs are produced from the P gene during transcription by inserting one 

or two G residues at the ES, respectively (Cozelmann, 2004; Hausmann et al., 1999a; 

Kulkarni et al., 2009). In contrast to paramyxovirus site-specific RNA editing (insertion 

of nontemplate G residue), RNA editing (base substitution) by the cellular editing 

enzyme adenosine deaminase acting on RNA (ADAR) has been observed in both the 

genomic and antigenomic RNA of Hepatitis Delta virus (HDV) (Casey and Gerin, 1995; 

Zheng et al., 1992). 

1.10.1 EBOV RNA Editing 

RdRPs of NNS RNA viruses share the ability to polyadenylate their mRNAs in 

response to specific template signals residing within the terminal sequences of genes 

(Whelan et al., 2004). RdRP-driven editing or pseudo-templated transcription has been 

observed in the paramyxoviruses, which is similar to polyadenylation in its mechanism. 

A similar editing phenomenon has been identified for EBOV. EBOV produces more than 

one transcript from the GP gene during transcriptionð one example of an efficient use of 

a small genome (Hausmann et al., 1999a; Robert A. Lamb, 2007; Whelan et al., 2004). 
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The unedited transcript encodes the sGP (Sanchez et al., 1996; Volchkov et al., 1995). 

GP1,2 is only expressed following RNA editing, which occurs at a site of seven 

consecutive U residues (genomic sense), resulting in the insertion of an additional A 

residue in the transcript and a subsequent +1 shift in the extended ORF (Sanchez et al., 

1996; Volchkov et al., 1995). In contrast, MARV, a distinct member of the same family, 

lacks the ES and produces only GP1,2, from unedited GP gene transcripts (Sanchez et al., 

1996). Interestingly, a knockout of the ES in ZEBOV resulted in a significant increase in 

cytopathogenicity compared to wild-type virus, indicating the importance of RNA editing 

for EBOV replication (Alazard-Dany et al., 2006; Volchkov et al., 2001). 

 Cotranscriptional RNA editing has been well studied in the prototypic 

Respirovirus, Sendai virus (SeV), by determining cis-acting sequences that are involved 

in editing. Sequences in the conserved editing motif 3ô-UnCn-5ôas well as the upstream 

six nucleotides modulate the number of G residue insertions. Remarkably, specific 

alterations within the conserved motif sequence changed editing from a precisely 

controlled G residue insertion to an uncontrolled A residue insertion (similar to 

polyadenylation) (Cozelmann, 2004; Hausmann et al., 1999a; Hausmann et al., 1999b). 

Interestingly, all paramyxoviruses that show P gene editing, follows the ñrule of sixò. 

This rule reflects the requirement for NP to bind six nucleotides in the encapsidated 

genome (Egelman et al., 1989). There is no evidence for the ñrule of sixò with EBOV; 

however, recent structural studies using cryo-electron tomography revealed that EBOV 

likely packages six RNA bases per copy of NP. Although it has been suggested that 

EBOV editing occurs co-transcriptionally as in paramyxoviruses, the EBOV RNA editing 

mechanism has not been characterized (Bharat et al., 2012; Calain et al., 1999; 
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Kolakofsky et al., 1998; Muhlberger et al., 1999; Whelan et al., 2004). The importance of 

cis-acting sequences upstream of the ES in the paramyxoviruses was demonstrated 

through mutational analysis (Kolakofsky et al., 1998), which also suggests that the viral 

RdRP can distinguish between editing and polyadenylation (Iseni et al., 2002). Similarly, 

it can be speculated that structural features (cis-acting sequences) and/or other viral 

factors contribute to EBOV RNA editing.  

1.11 Objective and Hypothesis 

1.11.1 Significance 

EBOV is an enveloped, NNS RNA virus that causes severe hemorrhagic fever in 

humans and NHPs. EBOV is one of the most pathogenic communicable agents, with no 

approved treatment or prophylaxis; therefore, it is on the list of potential biological 

weapons. As such, EBOV is considered a high-priority (category A) pathogen (Becker, 

2007). A better understanding of the virus biology is needed to discover novel 

intervention strategies. EBOV GP1,2  is encoded by the GP gene and plays a major role in 

EBOV parthogenesis by dictating virus cell tropism, mediating virus entry, and being the 

major target of the host humoral immune response. On the other hand, EBOV sGP has 

been identified in abundance during infection, but a clearly defined function remains 

unidentified. EBOV utilizes a rare mechanism, single-site-specific RNA editing, to 

produce the structural GP1,2 from the GP gene. Hypothetically, the insertion of different 

numbers of A residues would result in another yet unidentified gene product (Anthony 

Sanchez, 2007; Feldmann et al., 2001; Volchkov et al., 1995). Among NNS RNA viruses, 

RNA editing has previously only been described for the paramyxovirus phosphoprotein 
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(P) gene, where it regulates expression of important viral proteins with IFN-antagonistic 

functions. Therefore, a better understanding of the mechanism of EBOV RNA editing 

and the identification and characterization of all editing-driven viral proteins are of 

paramount importance and may lead to the identification of new viral targets for 

intervention therapy.  

1.11.2 Hypotheses 

This thesis is based on three related hypotheses: 

1. EBOV produces an additional nonstructural protein as a result of RNA editing. 

2. RNA editing is an inherent feature of all EBOV species. 

3. RNA editing is regulated by cis-acting sequences and other viral factors.  

1.11.3 Objectives  

To test the hypotheses, the studies presented in this thesis are built on the 

following objectives: 

1. To identify and characterize if an addiotnal glycoprotein produce through EBOV GP 

gene RNA editing. 

2. To identify RNA editing as a shared mechanism of all members of the genus, 

Ebolavirus.  

3. To determine the minimal structural requirements (cis-acting sequences) for EBOV 

RNA editing and identify potential viral factors involved in RNA editing. 
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1.11. 4. Justification. 

RNA editing is one of the mechanisms for protein diversification, and consequently 

contributes to evolution (Gerber & Keller, 2001; Hajduk & Ochsenreiter, 2010). Viral 

structural proteins produced through RNA editing (i.e. EBOV GP1,2 and the HDV large 

antigen, LDAg) play essential roles in virus life cycles (A. Sanchez, T. W. Geisbert,  H. 

Feldmann, 2007; Shih, Chuang, Liu, & Lo, 2004). Similarly, viral nonstructural proteins 

produced through RNA editing have been shown to contribute to viral pathogenesis. For 

example, Nipah virus V and W play a role in host immune response evasion (Shaw, 

Cardenas, Zamarin, Palese, & Basler, 2005; Shaw, García-Sastre, Palese, & Basler, 

2004). Detection and characterization of a new EBOV protein expressed through RNA 

editing would be a novel contribution to a better understanding of the EBOV life cycle. 

RNA editing is a rare mechanism that allows EBOV to increase its genome coding 

capacityð one example of how the virus efficiently utilizes its small genome. 

Interestingly, all EBOV species possess the conserved ES in the GP gene; however, RNA 

editing has only been described for ZEBOV, the type species of the Ebolavirus genus. 

Therefore, it remains unknown whether RNA editing is an inherent feature of all EBOV. 

Determining this might lead to a better understanding of EBOV pathogenesis. In contrast 

to the paramyxoviruses, the EBOV RNA editing mechanism has not been studied; 

therefore, we do not yet know what the structural requirements are and whether 

additional viral factor(s) are involved. Hence, another goal of this study is to characterize 

the EBOV RNA editing by determining the minimum structural requirements (e.g. cis-

acting sequences) and additional viral factor(s) in this process. These studies might lead 

to the identification of new targets for therapeutic intervention. 
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2. MATERIALS AND METHODS  

2.1 Cells and Media 

2.1.1 Maintenance of Mammalian Cell Lines 

Vero E6 (ATCC CRL-1586) (AGM kidney cell line), Huh7 (human liver cell 

line) and 293T (human embryonic kidney cell line) cells were cultured in Dulbeccoôs 

modified Eagleôs Medium (DMEM) (Sigma-Aldrich) with high glucose, 10% (v/v) fetal 

bovine serum (FBS) (heat inactivated) (Invitrogen), 1% L-glutamine (2 mM) 

(Invitrogen), and 100 U/ml penicillin/ streptomycin (pen/strep) (100 ug/ml) (Gibco) 

under  5% CO2 in a humidified incubator at 37
0
C. 

2.1.2 Isolation and Culture of Primary Human Cells 

Whole venous blood was collected from healthy donors in accordance with a 

protocol approved by the Institutional Review Board for Human Subjects, National 

Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH). 

The blood was used to isolate human polymorphonuclear leukocytes (PMNs) and 

monocytes/macrophages. Human umbilical cord endothelial cells (HUVECs) were 

isolated from human umbilical cords, donated from local hospitals in Dresden, Germany, 

according to a  previously established procedure under an approved local ethics protocol 

(Schnittler et al., 1990).  

2.1.2.1 Primary Human Monocytes/Macrophages 

A conical tube (50 ml) filled with 15 ml Ficoll-Paque plus (GE Healthcare) was 

slowly overlaid with EDTA blood without disturbing the interface. The tube was 
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centrifuged at 450 xg for 30 min at room temperature, followed by aspiration of the upper 

plasma layer without disturbing the buffy coat. The remaining cells were washed with 

phosphate buffered saline (PBS) twice (total 50 ml, centrifuged at 300 xg for 10 min), 

diluted in cold (4
0
C) MACS buffer (Miltenyi Biotec) to 1x10

7
cells per 80 ul, and 

incubated with anti-CD14 magnetic beads (Miltenyi Biotec) (one-fifth of the cell volume) 

for 15 min at 4
0
C. After incubation, cells were washed with 10 volumes of MACS buffer 

(centrifuged at 300 xg for 10 min). Cells were resuspended in MACS buffer to 1x10
8 

cells per 500 ul and applied to a prewashed MACS LS column (Miltenyi Biotec). The 

column was washed 3 times with 3 ml cold (4
0
C) MACS buffer before elution. Elution of 

primary human monocytes was done into a 15 ml tube by removing the column from the 

magnetic field after addition of 5 ml cold (4
0
C) MACS buffer using a plunger. Eluted 

cells were then centrifuged at 300 xg for 10 min and resuspended in warm (37
0
C) 

Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma) without human serum. 

3x10
5
cells/well were seeded in a 24-well plate for incubation for 15-30 min at 37

0
C. 

Medium was replaced with RPMI containing 10% AB human serum (heat inactivated) 

(Invitrogen). Human primary monocytes were maintained in RPMI with 10% AB human 

serum (heat inactivated), 1% glutamine, 1% pen/strep, and 1% non-essential amino acids 

(Invitrogen) under 5% CO2 in a humidified incubator at 37
0
C and differentiated into 

macrophages over several days.  

2.1.2.2 Primary Human Neutrophils 

Blood was collected using heparin tubes (BD Bioscience) (1 ml of 1000 U/ml 

heparin per 50 ml blood) and mixed 1:1 (v/v) with a sterile solution of 3% dextran and 

0.9% NaCl for sedimentation. For sedimentation neutrophil isolation medium (35 ml 
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0.9% NaCl, 20 ml 1.7% NaCl, 12 ml Hypaque-Ficoll, and 20 ml distilled water) were 

prepared and disbursed into several 50 ml conical tubes. The top layer from the dextran-

blood mixture was transferred into a fresh tube after 20 min sedimentation, and 

centrifuged immediately at 500-700 xg for 10 min at room temperature. The cell pellet 

was resuspended in 10 ml 0.9% NaCl, and 10 ml Ficoll was underlayed followed by 

centrifugation at 500 xg, with a low brake setting, for 17 min at room temperature. The 

cell pellet was resuspended in 20 ml distilled water, mixed by pipetting for 20-30 sec, 

centrifuged at 500 xg for 10 min at room temperature, resuspended in 20 ml 1.7% NaCl, 

and centrifuged again at 500 xg for 10 min at room temperature. Purified neutrophils 

were resuspended in RPMI medium with 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). 

2.1.2.3 Primary Human Umbilical Vein Endothelial Cells 

Endothelial cells were isolated from the human umbilical cord using a previously 

established procedure (Schnittler et al., 1990). Briefly, the cord was rinsed in 70% 

ethanol, both ends were cut and a blunt end needle was inserted into the umbilical vein. 

The cord was stabilized with a sterile hemostat at one end and washed several times with 

pre-warmed (37
0
C) PBS. After three washes the other end of the cord was clamped with a 

second sterile hemostat. Collagenase solution, containing 0.5 mg/ml collagenase II 

(Sigma) in PBS, was added to the vein and incubated for 12 min at 37
0
C in PBS. The 

cord was washed with 70% ethanol followed by drying to remove residual ethanol. One 

end of the cord was cut just inside one of the hemostats to collect the collagenase solution 

in M199 complete medium (M119 with 10% FBS, 1% pen/strep, and 1% bovine lens 

growth factor) (Invitrogen). The cell suspension was centrifuged at 230 xg for 5 min at 
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23
0
C, resuspended in 10 ml M199 complete medium, and transferred into a T25 tissue 

culture flask that was pre-treated with 0.5% porcine gelatin in PBS for 1 hr at 37
0
C. Cells 

were maintained overnight in 5% CO2 at 37
0
C in a humidified incubator, washed in PBS 

to remove any erythrocytes, and incubated further in fresh M199 complete medium.  

2.1.3 Bacterial Cells 

Escherichia coli (E. coli) of the XL-1 Blue strain (genotype: recA1 endA1 gyr96, 

thi-1 hsdR17 supE44 relA1 lac [FôproAB lac
q
 ZȹM15 tn10 (tet

r
)]) were used for all 

cloning procedures unless otherwise stated. To prepare competent cells, 0.5 ml of an 

overnight culture was added to 50 ml of LB-Lauria/Lenox (0.5% NaCl) broth (LB) and 

propagated under shaking at 37
0
C until an optical density of 0.5-0.8 at 600 nm was 

reached. Cells were incubated for 20 min on ice, centrifuged at 2500 xg for 10 min at 

4
0
C, and resuspended in transformation storage solution (TSS) buffer [85% LB, 10% 

polyethylene glycol, 5% dimethyl sulfoxide (DMSO) and 50 mM MgCl2]. Cells were 

stored as 50 ul aliquots at -80
0
C.   

2.2 Virus Infection 

2.2.1 Virus Strains 

ZEBOV prototype strain Mayinga, ZEBOV strain Kikwit, mouse-adapted 

ZEBOV (MA-ZEBOV) strain Mayinga (Bray et al., 1998), SEBOV strain Boniface, 

REBOV strain Pennsylvania, CIEBOV, and BEBOV were used in this study. 

2.2.2 In Vitro  Infection 
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Vero E6 or Huh7 cells (approximately 90% confluent) were infected with 

ZEBOV strain Mayinga (this prototype strain was used for all infectious work unless 

otherwise stated) using an multiplicity of infection (MOI) of 1 and incubated for 1 hr at 

37
0
C. Subsequently, medium was replaced and cells were maintained in Opti-MEM 

(Invitrogen) at 37
0
C for the appropriate time period.  

Vero E6 cells (3x10
5
) were also infected separately with ZEBOV strain Mayinga, 

SEBOV, REBOV, CIEBOV, and BEBOV using an MOI of 0.1. Infected cells were 

maintained in DMEM with 1% FBS at 37
0
C.  

Monocyte-derived macrophages (3x10
5
) were infected separately with ZEBOV 

strain Mayinga, SEBOV, REBOV, CIEBOV, and BEBOV using an MOI of 0.1. Infected 

cells were maintained in RPMI with 10% AB human serum at 37
0
C.  

2.3 Cloning and Site-directed Mutagenesis 

2.3.1 Recombinant ssGP (r.ssGP) and Recombinant sGP (r.sGP) Expression 

Plasmids 

Recombinant expression of both ssGP and sGP were done with or without an N 

terminal tag using mammalian expression plasmids. For tagged proteins, the ORF for 

ZEBOV ssGP without its SP was amplified by two-step RT-PCR from purified ZEBOV 

vRNA. Briefly, in the first step (cDNA synthesis) 3 ul RNA (50 ng/ul ), 1 ul 10 mM 

deoxyribonucleotide triphosphate (dNTP) mix, 1ul 50 uM forward primer (Appendix 

1A), and 12 ul RNAse free water were mixed and incubated at 65
0
C for 5 min followed 

by the addition of 5 ul 5x First-strand buffer (Invitrogen), 1 ul 0.1 M dithiothreitol (DTT), 

1 ul 25 mM Mg2Cl2, 0.5 ul RNAseOUT (40 U/ul) (Invitrogen), and 0.5 ul SuperScript III 
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(200 U/ul) (Invitrogen) and incubated at 55
0
C for 60 min. 2 ul of this first-strand reaction 

was used for PCR amplification in the second step using sequence-specific primers 

(Appendix 1A). A PCR reaction mix was prepared with 10 ul 5x HF iProof reaction 

buffer (Bio-Rad), 1 ul 10 mM dNTP mix, 1 ul 10 mM forward primer, 1 ul 10 mM 

reverse primer, 1 ul 25 mM Mg2Cl2 , 1 ul DMSO, 0.5 ul HF iProof DNA polymerase (2 

U/ul) (Bio-Rad), and 32.5 ul of sterile distilled water. The thermal cycling conditions 

were programmed for an initial denaturation at 98
0
C for 30 sec, followed by 30 cycles of 

a 10 sec denaturation at 98
0
C, a 15 sec annealing at 65

0
C, and an extension step with 1 

kb/minute at 70
0
C, followed by a final extension at 72

0
C for 7 min. In this way, PCR 

fragments for both putative forms of ssGP (ssGP6A and ssGP9A containing 6A and 9A 

residues at the ES, respectively) were generated this was followed by cloning into the 

eukaryotic expression plasmid, pDISPLAY (Invitrogen) (pDISPLAY-ssGP6A and 

pDISPLAY-ssGP9A) using BglII and PstI restriction sites. This plasmid is known to 

direct the expression of foreign glycoproteins through a vector-specific SP and adds an 

N-terminal HA-tag. r.sGP expression was achieved using the expression plasmid, 

pDISPLAY-sGP (Wahl-Jensen et al., 2005a), which was kindly provided by Dr. Victoria 

Wahl-Jensen. For untagged proteins, the ssGP (ssGP9A, this form was used in further 

experiments unless otherwise stated) and sGP ORFs with their authentic SPs were 

generated by PCR amplification using the method described above. These PCR amplified 

products were then cloned into a different eukaryotic expression plasmid, pCAGGS 

(Appendix 3A) (Niwa et al., 1991) (pCAGGS-sGP and pCAGGS-ssGP) using EcoRI and 

XhoI restriction sites.  

2.3.2 Cys53 Mutated r.ssGP 
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The amino acid, cysteine (Cys) at position 53 in the ssGP was mutated into 

glycine (Gly) using a protocol similar to that provided by the site-directed mutagenesis 

kit (Strategene). Briefly, the mutagenesis PCR reaction mix consisted of 1 ul DNA 

template (pDISPLAY-ssGP) (50 ng/ul), 10 ul 5x HF iProof reaction buffer, 1 ul 10 mM 

dNTP mix, 1.25 ul 125 ng/ul forward primer, 1.25 ul 125 ng/ul reverse primer, 1 ul 25 

mM Mg2Cl2, 1 ul DMSO, 0.5 ul HF iProof DNA polymerase (2 U/ul), and 32.5 ul of 

sterile distilled water. The thermal cycle conditions were programmed for an initial 

denaturation at 98
0
C for 30 sec, followed by 16 cycles of a 10 sec denaturation at 98

0
C, a 

15 sec annealing at 70
0
C, and an extension step with 1 kb/min at 72

0
C.  

2.3.3 Minigenome 

The GP gene ORF was inserted into the published ZEBOV minigenome plasmid 

by replacing the chloramphenicol acetyltransferase (CAT) reporter gene (Muhlberger et 

al., 1999). The minigenome contains the ZEBOV genome leader [the entire 

3ônontranslated region (NTR) of the NP gene] (472 nt) and trailer [the entire 5ôNTR of 

the L gene] (731 nt) sequences, and was kindly provided by Dr. Hideki Ebihara. For this, 

the minigenome plasmid was altered at two nucleotide positions in order to remove 

BsmB1 sites using site-directed mutagenesis allowing the insertion of the GP gene using 

the BsmB1 sites. The GP minigenome was rescued as described later (Figure 6). 

A truncated GP gene minigenome was created by introducing 110 nt of the 

ZEBOV GP gene [covering the conserved ES with 45 nucleotide (nt) up- and 58 nt 

downstream] instead of the GP ORF into the minigenome plasmid. Similarly, a truncated 
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L gene minigenome was created by introducing 110 nt of the ZEBOV L gene (covering 

the ES-like sequence with 45 nt up- and 58 nt downstream) into the minigenome plasmid.  

The recombinant plasmids, pCAGGS-NP, pCAGGS-VP30, pCAGGS-VP35, and 

pCAGGS-L containing the ORFs for ZEBOV NP, VP30, VP35, and L, respectively, and 

pCAGGS-T7 expressing the T7 bacteriophage polymerase were used in minigenome 

rescues. The plasmids were kindly provided by Dr. Hideki Ebihara.  

2.3.4 Dual-reporter Minigenome 

The sub-cloning plasmid, pATX-MCS (Appendix 3B) was used for generating a 

dual-reporter cassette. First, 110 nt of the GP gene (described earlier) was cloned into the 

pATX-MCS. The ORF for the enhanced green fluorescent protein (eGFP; without stop 

signal) was introduced upstream of the 110 nt using sequence-specific primers with 

BsmB1 sites (Appendix 1B). Similarly, the ORF for a second fluorescent reporter (red 

fluorescent protein, mCherry, without start and stop signals), was introduced downstream 

of the 110 nt. At the C-terminus of the mCherry ORF, two nuclear localization signals 

(NLS) were introduced. To test the expression of the two reporter genes from the dual-

reporter cassette prior to cloning it into the minigenome plasmid, the whole cassette 

(eGFP-110 nt-mCherry-NLS) was introduced into an expression plasmid pCAGGS using 

SacI and NheI restriction sites. For a control, an edited version of the GP gene ES 

containing dual-reporter cassette (eGFP-111 nt-mCherry-NLS) was generated by 

introducing an additional A residue into the ES, followed by cloning into the same 

expression plasmid. Finally, the dual-reporter cassette with the wild-type ES (eGFP-110 

nt-mCherry-NLS) was cloned into the ZEBOV minigenome plasmid (Figure 7). 
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Figure 6. GP minigenome rescue. The GP gene ORF was cloned between the ZEBOV 

leader (Ldr), the entire 3ô nontranslated region (NTR) of the NP gene and the trailer (Tlr), 

the entire 5ô NTR of L gene. This (Ldr-GP gene ORF-Tlr) is then flanked by the T7 

polymerase terminator (tT7) and promoter (pT7) in the ZEBOV minigenome plasmid. 

Rescue was done by transfecting cells with multiple plasmids [the minigenome plasmid, 

the helper plasmids expressing ZEBOV NP, L, VP30, or VP35 for a functional 

ribonucleoprotein (RNP) complex, and the T7 polymerase for DNA-dependent RNA 

transcription from the minigenome plasmid]. T7 driven transcription provides genomic 

sense of the GP minigenome cassette (Ldr-GP gene ORF-Tlr). The hepatitis delta virus 

ribozyme (HDV rib) sequence driven cleavage provides the authentic leader sequences 

allowing binding of the reconstituted ZEBOV RNP complex for RNA-dependent 

transcription of the GP gene generating multiple transcripts [here sGP (unedited) and 

GP1,2 (edited)].  
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Figure 7. Dual-reporter minigenome rescue. The dual-reporter cassette (eGFP-110 nt-

mCherry-NLS) was introduced between ZEBOV leader (Ldr), the entire 3ô nontranslated 

region (NTR) of the NP gene and the trailer (Tlr), the entire 5ô NTR of L gene. This (Ldr- 

eGFP-110 nt-mCherry-NLS-Tlr) is then flanked by the T7 polymerase terminator (tT7) 

and promoter (pT7) in the ZEBOV minigenome plasmid. Cells were transfected with 

multiple plasmids (minigenome plasmid; helper plasmids expressing ZEBOV NP, L, 

VP30, and VP35 for a functional RNP complex, and T7 polymerase for DNA-dependent 

RNA transcription of the minigenome). T7 driven transcription provides genomic sense 

of the dual-reporter cassette (Ldr-eGFP-110 nt-mCherry-NLS-Tlr). The hepatitis delta 

virus ribozyme (HDV rib) sequence driven cleavage provides the authentic Ldr allowing 

RNA-dependent RNA transcription of the reporter genes through the functional ZEBOV 

RNP complex. During transcription multiple transcripts are produced (unedited and 

edited) due to RNA editing. 
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2.3.5 Mutations and Deletions in the Dual-reporter Minigenome 

The third or sixth A residue of the GP gene ES in the dual-reporter minigenome 

plasmid was independently mutated to a G residue using site-directed mutagenesis 

(Figure 8A). Multiple deletions were introduced into the up- and downstream sequences 

of the ES in the dual-reporter minigenome as outlined in Figure 8A using PCR-driven 

technology.  

Furthermore, point-mutations were introduced at the leader sequence (the entire 

3ô NTR of the NP gene; Ldr) of the dual-reporter minigenome plasmid using site-directed 

mutagenesis (Appendix 1C) to destabilize the predicted secondary structure (stem-loop) 

formed by nucleotides 56-78 (genomic sense) (Weik et al., 2002) (Figure 8B). 

Two potential stem-loops were observed in the upstream sequence (45 nt) of the 

ES using the RNA secondary structure prediction available at the mfold webserver 

(http://mfold.rna.albany.edu/?q=mfold) (Zuker, 2003). The first potential stem-loop is 

formed by the first 24 nt (1-24 nt, plus sense), whereas the second potential stem-loop is 

formed by the end of the sequence (38- 45 nt, plus sense). Using the XRNAmute 

webserver (http://www.cs.bgu.ac.il/~xrnamute/XRNAmute) (Churkin et al., 2011) three 

point mutations (C3T, A18G, and G24T) were introduced using site-directed mutagenesis 

that were predicted to destabilize the putative stem-loop formed by first 24 nucleotides 

(Figure 8A). Subsequently, two different combinations of mutations (5ô38GA and 39GA 

or 5ôG39A and C44T) were introduced into the predicted second stem-loop for 

destabilization (Figure 8A). 
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A. 
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B. 

 

 

Figure 8. Mutations and deletions in the dual-reporter minigenome. A. Scheme of the deletions and point mutations (in red) in the 

truncated GP gene dual-reporter minigenome plasmid. Green is showing the nucleotide sequences form secondary structure (stem-

loop) (predicted) B. Scheme of the mutations (in red) introduced into the leader (Ldr) sequence [the entire 3ô nontranslated region 

(NTR) of the NP gene] (bottom image) to destabilize the predicted stem-loop at this region (56-78 nt; nt numbers are refer to the 

genome sequence of ZEBOV and sequence are shown in DNA sense) (top image) in the dual-reporter minigenome plasmid. 
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For control purposes, a T7 polymerase driven plasmid was generated for 

expression of the two reporters by introducing the dual-reporter cassette (eGFP-110 nt-

mCherry-NLS) into the pTM1 vector (kindly provided by Dr. Thomas Hoenen) using 

EcoRI and XhoI restriction sites.  

All constructs were verified by sequencing either at the Research Technology 

Branch, Rocky Mountain Laboratories (RML), Hamilton, MT, USA or the DNA Core 

Facility, National Microbiology Laboratory, Winnipeg, Canada. 

2.4 r.ssGP and r.sGP Production 

 293T and Vero E6 cells were seeded in T150 tissue culture flasks so that they 

were 80% confluent the next day. Cells were transfected with plasmids pDISPLAY-

HAtag-sGP/ssGP and pCAGGS-sGP/ssGP using FuGENE6 (Roche). Briefly, 3.8 ml 

Opti-MEM, 114 ul FuGENE6, and 38 ul DNA (1 ug/ul) were mixed and incubated for 30 

min at room temperature. Cell culture medium was replaced with 16 ml Opti-MEM prior 

to adding the transfection mix at room temperature, followed by incubation at 37
0
C. 

Supernatants from the transfected cells were collected 72 hr post-transfection (this time-

point was used for all experiments unless otherwise stated) and centrifuged at 5000 xg for 

15 min to remove residual cell debris. The anti-HA affinity matrix (Roche) was 

equilibrated with buffer supplied by the manufacturer (Appendix 2A). Subsequently, the 

supernatant was mixed with the HA affinity matrix and incubated overnight at 4
0
C under 

shaking in a 50 ml tube. The solution was added onto the column (Roche) and washed a 

minimum of three times with the provided wash buffer (Appendix 2A). For elution of the 

bound HA-tagged protein, 1 ml of HA peptide (American Peptide Company; thawed 
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prior to use) was added to the matrix and incubated for 30 min at 37
0
C without shaking. 

The matrix was added onto the column and the HA-tagged protein was collected in the 

flow-through (this step was repeated twice). The HA-matrix was reused for purification 

of the same protein according to manufacturerôs instructions using regeneration buffer 

(Appendix 2A).   

 Purified proteins were concentrated with an Amicon Ultra 4 (Milipore) using a 

molecular weight cut-off (MWCO) of 30 kDa. The concentrations of purified proteins 

were determined by the DC-protein assay (Bio-Rad). Proteins (r.ssGP and r.sGP) were 

aliquoted and stored at -20°C.  

2.5 ssGP Transcript Detection 

Vero E6 or Huh7 cells were infected with ZEBOV strain Mayinga at an MOI of 1. 

Total cellular RNA was extracted 4 days post-infection using Trizol LS reagent 

(Invitrogen). ZEBOV GP cDNA was synthesized from extracted total RNA using a GP-

specific oligo-dT primer (ACCGGTTTTTTTTTTTTTTT) with SuperScript III 

(described in 2.3.1). Subsequently, a fragment covering the GP gene ES was amplified 

using GP sequence-specific primers (Appendix 1D) and high-fidelity Taq DNA 

polymerase (Roche). The amplified 330 bp PCR fragment was purified using the 

QIAquick PCR purification kit (QIAGEN) and cloned into TOPO TA 2.1 PCR cloning 

vector (Invitrogen) using One Shot Top10 chemically competent E. coli cells (Invitrogen) 

and SOC medium (Invitrogen). These transformed cells were plated on LB agar 

containing X-gal (Invitrogen) and incubated overnight for blue-white colony screening. 

The white bacterial clones were sequenced to determine the ratios of GP gene-specific 

transcripts encoding for sGP, GP1,2, and ssGP.  
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For in vivo confirmation, mice were infected intraperitoneally with 200 ul of MA-

ZEBOV [100 plaque forming unit (PFU)]. Animals were euthanized 4 days post-

infection, and liver samples were collected. RNA was extracted from liver tissue using 

the RNeasy kit (QIAGEN). Extracted RNA was utilized to determine the ratio of the GP 

gene transcripts using the same strategy as described above for the in vitro procedure.   

To determine heterogeneity at the ES in genomic RNA, Vero E6 cells were 

infected with ZEBOV at an MOI of 1. Virus was harvested 4 days post-infection and 

RNA was extracted for RT-PCR analysis. Instead of an oligo-dT primer, a genome RNA 

specific primer (AGAGTAGGGGTCGTCAGGTCC) that binds upstream of the GP gene 

was used for cDNA synthesis; the subsequent amplified GP gene editing region (330 bp) 

(described above) was sequenced to determine the ratio of distinct vRNA templates in 

virus particles. 

To control for Taq DNA polymerase errors during amplification as the source for 

the introduction of non-template A residue(s) at the ES, a synthetic positive sense RNA 

(AUAGAAUUCUCGGGGAGUGGGCCUUCUGGGAAACUAAAAAAACCUCACUA

GAAAAAUUCGCAGUGAAGAGUUGUCGAAUUCCGU) (Thermo Fisher Scientific) 

was synthesized and used as the template for RNA amplification. The product was cloned 

and sequenced as described earlier.  

2.6 Protein Analysis  

 EBOV sGP and ssGP are predicted to be processed similarly and nearly identical 

in size. Therefore, several methods were applied to first verify expression either from 
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transfected or infected cells and second to distinguish both proteins in the absence of 

specific (discriminating) antibodies.  

Tissue culture supernatants from transfected and/or infected cells were 

centrifuged at 2,000 xg for 10 min at room temperature to remove cell debris. In the case 

of viral infection, supernatants were further centrifuged at 21,000 xg for 30 min at room 

temperature to remove viral particles. The clarified supernatants were concentrated with 

an Amicon Ultra-4 (30 kDa MWCO), and if derived from EBOV infections were 

inactivated with sodium dodecyl sulfate (SDS) (final concentration 1%) and boiling (10 

min). Similarly, for detection of sGP and GP1,2, supernatants from Vero E6 cells infected 

with representative strains of all EBOV species using an MOI of 0.1 were harvested 4 

days post-infection. Supernatants were first centrifuged at 1000 rpm for 10 min to remove 

cells. Supernatants were concentrated using an Amicon Ultra-4 (10 kDa MWCO) at 

10,000 rpm for 15 min. Cell pellets were also collected and inactivated by the above 

mentioned SDS (final concentration 2%) & heat treatment. To simplify separation of 

glycoproteins (sGP and ssGP), proteins were treated overnight with N-glycosidase F 

(PNGaseF) (New England Biolabs, NEB) to remove all N-linked carbohydrates from 

glycoproteins (see below).  

2.6.1 Removal of Carbohydrates  

 PNGaseF removes all N-linked glycans from glycoproteins, whereas 

endoglycosidase H (Endo H; NEB) specifically removes high-mannose type N-linked 

carbohydrates. To efficiently remove O-linked glycans, proteins were treated with O-

glycanase (endo- -N-acetylgalactosaminidase) (Iwase and Hotta, 1993) in combination 






















































































































































































































































