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Ebolaviruses, of the family Filoviridae, are the causative agents of outbreaks of 

hemorrhagic fever throughout Africa. In eastern Africa, three outbreak causing species of 

ebolavirus overlap in geographic distribution: Zaire ebolavirus (EBOV), Sudan 

ebolavirus (SUDV), and Bundibugyo ebolavirus (BDBV). EBOV and BDBV are 

distinctly different in case-fatality rate, disease course, and clinical presentation in both 

humans and non-human primates, but the reasons for these differences are unknown. 

Examination of the growth kinetics indicate that variations in the polymerase complex may 

be a factor in the differing pathogenicity. The rate of growth for infectious virions, genomic 

copies, and transcripts was slower for BDBV compared to EBOV. In addition to lower 

peak viral titers, BDBV infection also resulted in fewer viral transcripts being produced 

per genome compared to EBOV. An artificial transcription and replication system utilizing 

a ‘minigenome’ reporter was constructed for the study of BDBV. The minigenome system 

was used to compare the polymerase complex efficiency with that of EBOV and to screen 

potential therapeutics. Through the exchange of polymerase complex proteins, it was found 

that EBOV could more readily accept proteins from another viral species than BDBV. In 

fact, use of the BDBV NP enhanced transcription of the EBOV minigenome, while the 
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inverse resulted in significantly decreased minigenome expression. The utility of the 

minigenome system was further shown by screening of small molecule inhibitors, of which 

the nucleoside analog remdesivir emerged as a lead candidate. Remdesivir was found to be 

highly effective at inhibiting primary transcription, and delayed treatment required a 

significantly higher concentration. Use of remdesivir was more effective at inhibiting 

BDBV than EBOV, likely due to the slower and diminished amount of viral transcription 

occurring over the course of BDBV infection. Targeting the polymerase complex of 

ebolaviruses is a viable strategy for therapy but efficacy will be highly dependent on timing 

and concentration. Future studies should examine modified treatment schedules and doses 

when care is delayed to overcome the increased polymerase activity that occurs later in 

infection.  
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Chapter 1: Introduction – Ebola: The Virus and the Disease 

EBOLAVIRUS EPIDEMIOLOGY 

Ebola disease, the disease caused by any member of the genus Ebolavirus, was first 

documented in 1976 during simultaneous outbreaks in the Democratic Republic of the 

Congo (DRC; formerly Zaire) and South Sudan (formerly Sudan).1,2 The outbreaks were 

caused by two different ebolavirus species, each named for the region of origin: Zaire 

ebolavirus (EBOV) and Sudan ebolavirus (SUDV). The establishment of two separate 

species was determined by the fact that the full-length genome differed by greater than 

30% while still maintaining similar characteristics.3 Since the 1976 outbreaks, 19 more 

outbreaks of Ebola virus disease (EVD) and 6 outbreaks of Sudan virus disease (SVD) 

have occurred (Table 1.1).4 

The reservoir host of ebolaviruses is still to be determined; although, bats of the 

family Pteropodidae are a suspected source. Anti-ebolavirus antibodies have been detected 

in these bats, and although small RNA fragments aligning with the EBOV genome have 

been detected in organ tissue, no live virus has been collected from any bat.5,6 This is also 

the case for the ebolavirus species Bombali ebolavirus (BOMV), which was discovered 

during surveillance of wildlife populations in Sierra Leone and Kenya.7,8 Viral RNA was 

detected in four bats and the genome was determined using high-throughput sequencing. 

In comparison, bats are considered the reservoir host for another filovirus, Marburg virus 

(MARV), which has been isolated from Rousettus aegyptiacus bats.9 If bats are the 

reservoir host for ebolaviruses, it is thought that transmission occurs via secretions, either 

via direct contact with saliva or feces or through contamination of fruits and other food 

products.5 The other likely route for infection is through ingestion of meat from either 

butchered or scavenged animals such as chimpanzees, gorillas, or duikers.6 These animals 

succumb to infection and are therefore not suspected to be reservoir hosts, but instead 
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acquire the virus from another source as is the case with humans. This is exemplified by 

the speicies Tai Forest ebolavirus (TAFV) and Reston ebolavirus (RESTV). TAFV has 

caused two outbreaks in a troop of chimpanzees in the Taï Forest National Park in Côte 

d’Ivoire. A single human case of TAFV infection has been documented, a woman who was 

infected while performing necropsies on the affected animals and survived.10 RESTV was 

discovered when a number of cynomolgus macaques at a laboratory facility began to show 

signs of a hemorrhagic disease and subsequently died.11,12 No human cases of RESTV 

infection have been documented although several individuals who had contact with 

infected macaques were subsequently found to have seroconverted.13,14 In the case of 

EBOV and SUDV outbreaks, many have been linked to hunters or those who are involved 

with butchering and preparing meat; although, several outbreaks still have no known source 

of introduction.15 

After an introduction into the human population, the transmission chain of Ebola 

disease is maintained by direct human-to-human contact via contact with bodily fluids 

including blood, vomit, urine, and stool.16 As family members are usually the first to care 

for an infected individual, they often account for secondary and tertiary cases.16-18 

Healthcare workers are also at risk of infection if proper personal protective equipment is 

unavailable or insufficient.17 This is most likely to occur at the start of an outbreak as Ebola 

disease initially presents with non-specific symptoms and cases may be misdiagnosed as 

malaria, influenza, or typhoid fever and so the precautions necessary to protect against 

ebolavirus infection may not be used. In addition, the virus can still be transmitted even 

after death so additional care must be taken in performing burial rituals.16,18 As with any 

highly communicable and severe disease, rapid contact tracing and isolation is crucial to 

control spread. Increased education of the public and healthcare workers living in the 

border region of the DRC, Uganda, and South Sudan has helped to limit the spread, but 

external factors such as civil unrest and a lack of access to care means that cases can slip 
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past detection and reignite a waning outbreak in this region and recently there has been 

evidence of chronic infections leading to reemergence.19,20 

At the turn of the 21st century, ebolavirus outbreaks have increased in frequency 

and have emerged almost annually (Table 1.1).4,21,22 Ebolavirus outbreaks in humans have 

been contained to the continent of Africa, although isolated cases have been documented 

elsewhere and linked to travel, repatriation, or close-contact with a traveler.23,24 With the 

exception of the single case of TAFV infection originating in the Taï Forest in Côte 

d’Ivoire, all outbreaks up until December 2013 were localized to Central and Eastern 

Africa, and ranged from 8-425 cases, with case fatality rates (CFR) ranging from 36-

90%.4,10,21,25 

In the border region between the DRC, Uganda, and South Sudan, three different 

ebolaviruses species have caused outbreaks: EBOV, SUDV, and Bundibugyo ebolavirus 

(BDBV).4 Outbreaks are regularly detected in this region including the second largest and 

second longest outbreak to date occurring in Uganda from August 2018 through June 2020 

resulting in nearly 3,500 infections and over 2,000 deaths.4 In 2013, EVD emerged on the 

West coast of Africa, causing an epidemic lasting 3 years, infecting over 30,000 people 

and killing over 11,000.4 In 2021, another outbreak was detected in Guinea and found by 

sequence analysis to be linked to the previous outbreak ending in 2016, indicating that the 

geographic range of ebolaviruses have now expanded. Taking into account all outbreaks 

through June 2021, the average case fatality rate is 65% for EBOV and 50% for SUDV.4,22 

For 30 years, EBOV and SUDV were the only two ebolaviruses known to cause 

outbreaks. In 2007, a new species was discovered, BDBV, when an outbreak was declared 

in the Bundibugyo district of Uganda.26,27 On 2 August 2007, two cases of febrile illness 

were reported in Uganda.27 Laboratory testing was unable to confirm the etiology of the 

disease; however, three months later, on 5 November 2007, 20 deaths due to a febrile 

hemorrhagic disease were reported to the Ugandan Ministry of Health.27 Samples were 

shipped to the U.S. Centers for Disease Control and Prevention for testing, and by the end 



 4 

of the month it was confirmed that an ebolavirus was the culprit of the disease.28 An 

outbreak was officially declared on 29 November 2007 and outbreak response teams began 

to set up isolation wards and educate health care workers and civilians about the illness and 

proper infection control hygiene.27 The index case was suspected to be a 26-year-old 

woman who was linked to nine other cases.27 It is believed that she came in contact with 

blood or secretions from a hunted animal, although this was never confirmed. By February 

2008 the outbreak had subsided with 116 confirmed or probable cases resulting in a CFR 

of 34%.27,29 When suspect cases were included in this calculation, the overall CFR was 

25%. This seemingly lower CFR was initially attributed to improved healthcare 

infrastructure including a rapid response, increased education and awareness, and prior 

familiarity with the disease by healthcare workers.27,30 

Four years after the first appearance of BDBV, a second outbreak was declared, 

this time in Isiro, the capital of the Haut-Uele District in the DRC. Notification of the first 

two cases was made on 2 August 2012 and an epidemic was declared two weeks later on 

17 August 2012.31,32 By 26 November 2012 the epidemic was declared over with a total of 

62 cases, including 5 suspect cases, and a CFR of nearly 55%.31 When looking solely at 

laboratory-confirmed cases the CFR is comparable to the previous outbreak at 36%.4 As 

with the first outbreak, the response was quite rapid with a mobile laboratory and treatment 

center available before confirmation of the disease was even complete.31 

Compared to other recorded ebolavirus outbreaks, the one in Bundibugyo, Uganda 

was moderate in size and had a substantially lower CFR. The BDBV outbreak in Isiro had 

case counts similar to other small outbreaks in the region, and the CFR was lower than 

what had been previously observed by EBOV outbreaks in the area. The average CFR from 

the two BDBV outbreaks is 34 - 40%, substantially lower than that for EBOV and SUDV 

outbreaks that had occurred through 2012 (73% and 50%, respectively).4,22 This is an 

interesting finding when considering the overlapping geography of the BDBV outbreaks 

with previous outbreaks caused by the other ebolavirus species. The seemingly lower CFR 
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of BDBV suggests that BDBV is less pathogenic than the other outbreak causing species 

EBOV and SUDV. However, the reason for this difference is unknown and several 

hypotheses have been suggested including both social and biological factors. 
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Table 1.1 Ebolavirus outbreaks in Africa 

Chronological listing of outbreaks by ebolavirus species Zaire ebolavirus, Sudan 
ebolavirus, and Bundibugyo ebolavirus. Single case outbreaks are not included. 
* Indicates that only laboratory-confirmed cases are listed. DRC Democratic Republic of 
the Congo. Data compiled from 
https://www.cdc.gov/vhf/ebola/history/distribution-map.html 
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FAMILY FILOVIRIDAE & VIRAL LIFECYCLE 

The genus Ebolavirus is included in the family Filoviridae in the order 

Mononegavirales. Within the Filoviridae family are six genera: Ebolavirus, Marburgvirus, 

Cuevavirus, Dianlovirus, Striavirus, and Thamnovirus.33 Viruses of the genera Ebolavirus 

and Marburgvirus cause lethal disease in humans.34 As with all viruses within the order 

Mononegavirales, ebolaviruses are single stranded, negative-sense, RNA viruses. There 

are six species included in the Ebolavirus genus: Zaire ebolavirus, Sudan ebolavirus, 

Bundibugyo ebolavirus, Tai Forest ebolavirus, Reston ebolavirus, and Bombali ebolavirus. 

Ebolavirus genomes are approximately 19 kb long and encode seven genes in 

genomic order: the nucleoprotein (NP), viral protein (VP) 35 (VP35), VP40, glycoprotein 

(GP), VP30, VP24, and the large gene (L) (Figure 1.1). These seven genes produce eight 

viral proteins which facilitate a complete replication cycle including transcription, 

replication, packaging, budding, and immune evasion (Figure 1.1). GP is the only gene that 

encodes for more than one protein, and it encodes two variations of the glycoprotein: 

membrane bound GP and soluble GP (sGP).35 With a limited number of proteins, each must 

carry out multiple functions. For example, VP35 acts as both an innate immune antagonist 

and as the polymerase co-factor.36 VP24 acts as an immune antagonist as well and has 

another function as the minor matrix protein.36  The major matrix protein VP40 plays a 

critical role in virion formation and budding from the cell membrane. The presence of 

VP40 alone is sufficient to produce viral-like particles, although the addition of NP greatly 

enhances particle production.37 The proteins NP, VP35, VP30 and L make up the functional 

polymerase complex for RNA synthesis of gene transcripts and genome copies.38 NP binds 

and encapsulates viral RNA strands and binds to the polymerase components to direct 

transcription and replication.39-44 L is the catalytic subunit and VP35 is the polymerase co-

factor.45,46 VP30 is the final protein of this complex, and it functions to mediate the switch 

from transcription to replication based on phosphorylation status.47-50 New roles for these 
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proteins are still emerging and it is clear that each protein contributes to multiple stages of 

the viral life cycle.51  

The first target cells are those of the immune system, specifically monocytes, 

macrophages, and dendritic cells.34,36,52 Virions associate with the cell surface using a 

variety of receptors including C-type lectins, glycosaminoglycans, or phosphatidylserine, 

and are taken up by cells through micropinocytosis and clatherin-mediated endocytosis.53,54 

The binding receptor for ebolaviruses Niemann-Pick 1 (NPC1) is found on the membrane 

of endosomes and lysosomes.55,56 The receptor binding site on the virions is masked until 

enzymatic cleavage of GP occurs within the endosome.15 After GP cleavage, acidification 

of the endosome results in a conformational change of GP resulting in fusion between the 

virion envelope and the endosomal membrane and subsequent release of the 

ribonucleoprotein complex into the cell cytoplasm.15,34 The ribonucleoprotein complex is 

made of up viral RNA encapsulated by NP and bound by the polymerase complex proteins 

VP35 and L along with the transcriptional activator VP30.38,57 Upon release, the complete 

ribonucleoprotein complex can immediately begin transcription of viral genes. Genes are 

transcribed in a polar fashion, that is, the first gene, NP is the most abundant and subsequent 

genes are produced in lesser quantities with the final gene, L, being the least abundant.58 

During transcription, the viral polymerase complex creates mRNAs that are 

recognized by host cell ribosomes, complete with a 5’-cap and a 3’-poly-A tail.59 The 5’-

cap is added by the capping domain (regions IV and V) of the L protein, and the 3’-poly-

A tail is added by polymerase stuttering in the gene end regions.59 After transcription by 

the viral polymerase complex, the host cell machinery takes over and produces viral 

proteins. These proteins form new polymerase complexes and continue the cycle of gene 

transcription. Phosphorylation of VP30, the transcriptional activator, controls the switch 

from transcription to replication, but the exact mechanism triggering this event is still to be 

determined.48,50,60 Genome replication occurs by continued read through across the genome 

boarders to produce an intermediate RNA species termed the anti-genome. The anti-
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genome is a complement to the viral genome and is used as a template to create new 

genome copies. The anti-genome is also encapsulated by NP to prevent RNA degradation 

and detection from host immune sensors. The newly produced viral genomes serve three 

purposes: new templates for gene transcription, new templates for replication, and material 

for packaging of new virions. When sufficient concentrations of viral proteins and viral 

RNA are reached, packaging and release can occur. GP is shuttled to the host cell 

membrane and stabilized by the matrix proteins VP40 and VP24. These two proteins 

interact with the NP encased RNA that is also associated with a complete polymerase 

complex, and new virions are released by budding.37 These mechanisms of gene 

transcription and genome replication appear to be fairly conserved across the ebolavirus 

species, but whether genomic variations between species result in noticeable differences in 

virion production has yet to be fully examined.
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Figure 1.1 Ebolavirus genome and life cycle 

(A) Genome organization of ebolaviruses in 3’à5’ orientation. (B) Lifecycle of 
ebolaviruses starting at viral entry, transcription of viral mRNA, translation of viral 
proteins, genome (blue) replication through an antigenomic (green) state, viral packaging, 
virion release, and innate immune evasion. Image created by Corri B. Levine using 
Microsoft PowerPoint. 
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CLINICAL MANIFESTATIONS & PATHOGENESIS OF EBOLA DISEASE 

Ebola disease, like many viral infections, first presents as a non-specific flu-like 

illness consisting of fever, myalgia, and malaise. These symptoms occur after an incubation 

period ranging from 2 - 21 days (mean of 6.22 days), and subsequent disease progression 

often occurs rapidly over an average of 10 days.61 Symptoms worsen over the disease 

course with headache, muscle and joint pain, severe weakness and fatigue, a loss of 

appetite, nausea, and vomiting.17,34 In about 50% of cases, hemorrhaging can be observed 

but this clinical manifestation is not necessarily linked with survival outcome.30,62-65 When 

hemorrhaging occurs, it typically presents as a petechial rash, epistaxis, bloody stool, or 

bleeding from venipuncture sites.65 Spontaneous abortions and vaginal bleeding have also 

been observed in women.66 Neurological signs and symptoms can occur but it is unclear if 

this is due to direct viral damage or linked to widespread inflammation and multi-organ 

failure.17,34,67,68 After 5-15 days of acute illness patients either recover or succumb to the 

disease.61 The biomarkers to determine clinical outcome are yet to be fully determined, but 

high viral load in the blood is often indicative of a fatal outcome.17,69 

Most of the information about Ebola disease comes from clinical management of 

EBOV infection or animal models of EBOV. Infection with EBOV leads to a dysregulation 

of the immune response and a rapid exhaustion of biological resources. Initial infection of 

immune cells prevents early innate immune responses, and these cells are used to 

disseminate virus throughout the body to secondary target organs including the liver, 

spleen, kidney, and adrenal glands.34,36,52 Infection of immune cells results in a 

characteristic ‘cytokine storm’ in which there is a large release of pro-inflammatory 

cytokines that increases vascular permeability, thus leading to loss of fluid into 

extravascular spaces. In addition, these pro-inflammatory cytokines cause excessive T-cell 

activation resulting in T-cell exhaustion and apoptosis.34 Clinical hematology can track 

disease progression through lymphopenia and thrombocytopenia as lymphocytes undergo 
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apoptosis and platelets are rapidly used up.36,66 Clotting factors are quickly consumed in 

response to the increased vascular permeability and damage by viral replication prevents 

the liver from replenishing the supply. Damage to the liver can be seen on clinical testing 

where liver enzymes such as alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) are elevated. Impaired renal function is observed over the course 

of disease and blood urea nitrogen (BUN) and creatinine levels are elevated.66,70 While 

clinical hematology and chemistry results can be informative regarding disease course, 

they are not necessarily indicative of outcome, especially if critical care is available to 

correct for the damage and imbalances.65 Maintenance of blood volume and electrolyte 

balance is necessary to prevent the eventual hypovolemic shock and multi-organ failure 

that results in disease fatalities.65 

In the case of BDBV infection, analysis of the 2012 outbreak offered a glimpse into 

the clinical manifestations of this specific ebolavirus species since most cases were 

managed at a single clinic and retrospective analysis of patient charts and disease 

management protocols were easily completed.31 All initial suspected cases were diagnosed 

based on symptoms similar to those used during other ebolavirus outbreaks including non-

specific flu-like symptoms (fever, myalgia, malaise) or fever with reported contact to a 

suspected case. BDBV was confirmed by laboratory testing in 36 of the 62 presumed 

cases.31 More common symptoms during hospitalization included weakness, muscle and 

joint pain, anorexia, nausea, vomiting, diarrhea, and difficulty swallowing, similar to 

EVD.31 Another study looking at the clinical manifestations observed in 26 patients from 

the 2007 outbreak, reported a similar set of symptoms.29 Fever was self-reported in 73% 

of patients but only 52% had a clinically observed fever. Headache, weakness, muscle pain, 

anorexia, nausea/vomiting, and diarrhea were commonly observed symptoms.29 The 

clinical course of disease was found to be quite varied with no accurate way to determine 

prognosis. Examination of four patients, two survivors and two non-survivors found that 

for each outcome, there was one patient who presented with severe symptoms for an 
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extended duration and one patient with a short disease course.31 The lack of a clear clinical 

course complicates treatment protocols and resource management. 

Long-term sequelae from EVD have been documented, but the size of the 2013 

West African epidemic revealed the extent of such outcomes. Survivors have reported 

arthralgia, vision loss, and hearing loss.62,71 In addition, there have been reports of live 

virus persisting in immune privileged sites such as the eyes, testes (seminal fluid), and 

cerebral spinal fluid.72-74 This leads to the possibility of sustained transmission or future 

recurrence of an outbreak, as is suspected for the 2021 Guinea outbreak. Due to the limited 

number of BDBV cases, it is unclear if sequalae and sustained infection are possible with 

this and other lesser studied ebolavirus species, but it is possible. 

There are still many questions surrounding the pathogenesis and clinical course of 

BDBV, especially since only two outbreaks have been recorded to date. Even with the 

availability of animal models, research into this species is limited and most studies have 

focused on EBOV infection, and to some extent SUDV. Understanding the mechanisms 

behind the different disease course and clinical findings could lead to new targets for 

antivirals or a better understanding of what immune response is needed to provide 

protection from disease. 
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HYPOTHESIS & SPECIFIC AIMS 

Given the recorded differences in CFR and clinical course between EBOV and 

BDBV, it is believed that a molecular mechanism may contribute to these variations. This 

dissertation sets out to examine this hypothesis: the EBOV polymerase complex is more 

efficient than the BDBV polymerase complex resulting in the observed differences in 

disease course and lethality. Insights into the molecular mechanism(s) that results in 

differential disease severity will provide potential targets for antiviral therapeutics as well 

as provide a better understanding of the sequence of events leading to Ebola disease. The 

hypothesis will be addressed using three aims: 

 
Aim 1: Measure and compare the growth kinetics, transcription, and replication of 

EBOV and BDBV in target cells 

 We hypothesized that transcriptional activity is diminished in BDBV infection 

compared to EBOV resulting in reduced production of new virions. A direct comparison 

of the viral growth kinetics was assessed between EBOV and BDBV in known target cells: 

macrophages and hepatocytes. Growth kinetics were assessed by looking at viral titers, 

gene transcription, and genome production. Examination of individual gene transcription 

and viral genome replication was used to assess which stage of RNA synthesis was most 

variable between these species. 
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Aim 2: Evaluate the fitness of the BDBV replication machinery in relation to EBOV 

We hypothesized that minigenome transcription and replication would be 

diminished when the BDBV proteins were used compared to the EBOV proteins. An 

artificial minigenome replication system was developed for BDBV to examine the 

polymerase complex in isolation. Using this minigenome system, the polymerase complex 

proteins (NP, VP35, VP30, and L) from BDBV and EBOV were exchanged to compare 

replicative capacities. Differences in the ability of the polymerase complexes to synthesize 

RNA could explain the variations in fatality rate observed during outbreaks of BDBV 

compared to outbreaks of EBOV. 

 

Aim 3: Evaluate the efficacy of small-molecule inhibitors targeting components of the 

polymerase complex and determine the effects on minigenome expression and viral 

replication in vitro 

We hypothesized that small-molecule inhibitors would have a greater effect on the 

BDBV polymerase complex compared to EBOV. Several small molecules were identified 

that either bind to proteins of the EBOV polymerase complex or have been shown to 

directly inhibit EBOV RNA synthesis. Testing of these compounds has been limited to 

EBOV or EBOV replication systems and it is unknown if they are efficacious against other 

species such as BDBV. 
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Chapter 2: Comparison of Viral Replication Capacities Between 

Bundibugyo and Zaire ebolaviruses 

INTRODUCTION 

Most in vitro and in vivo studies, as well as clinical data collection, have been 

focused on EBOV. Minimal experimental data has been collected on BDBV and clinical 

data are limited to the two recorded outbreaks in 2007 and 2012. Interestingly, the 

clinical observations as well as the few in vitro and in vivo studies suggest a clear 

difference in the fatality and pathogenesis between BDBV and EBOV. These differences 

include variations in the overall clinical course both in timing and severity, differences in 

various cytokine profiles and immune responses, and differences in in vitro growth 

kinetics.  

Comparing clinical data from the various EBOV outbreaks with the two BDBV 

outbreaks show a stark difference in the overall CFRs.21 This difference holds true in 

non-human primate models of disease where EBOV is uniformly lethal, while BDBV 

infection results in a 60 - 75% mortality rate in the non-human primate model.75-78 The 

immune response profiles, both clinically and in animal models, show a different 

response indicating a longer period of replication and dissemination for BDBV compared 

to EBOV.29,79 This is further exemplified by the presence of both an IgM and IgG 

antibody response in the acute period of BDBV infection, whereas those infected with 

EBOV only generate an IgG response if they survive the acute phase.79 In addition, while 

EBOV infection results in a strong pro-inflammatory response, BDBV infection results in 

a marked anti-inflammatory response as the acute phase progresses, perhaps indicating an 
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attempt to maintain homeostasis.79 There are several mechanisms that could explain these 

differences between EBOV and BDBV including variations in immune evasion 

capabilities and diminished growth efficiency of the virus itself. 

Previous research examined whether these differences could be explained by a 

decreased ability of the BDBV viral immune modulating proteins VP35 and VP24 to 

inhibit the innate immune response. VP35 immune inhibition acts on the interferon (IFN) 

induction pathway.80-82 One of the major mechanisms of immune evasion is in the 

inhibition of retinoic inducible gene I (RIG-I), a dsRNA recognition molecule that 

initiates a signaling cascade for production of IFN-a/b.83 EBOV VP35 blocks this 

recognition by binding to the ends of viral dsRNA as well as by binding to PKR activator 

(PACT), preventing its interaction with RIG-I.83,84 In addition, VP35 can block the 

induction of interferon through interaction with IFN-regulatory factor 3 (IRF-3), IFN-b 

promoter stimulator 1 (IPS-1), TANK-binding kinase 1 (TBK-1), and IkB kinase epsilon 

(IKKe).85	VP24,	works	downstream	in	the	IFN	pathway,	inhibiting	the	cellular	

response	to	IFN.86,87	It	does	so	by	binding	to	karyopherin	a1 (KPNA) and preventing 

it from binding to signal transducer and activator of transcription 1 (STAT1), a necessary 

step for STAT translocation to the nucleus and subsequent initiation of transcription of 

IFN-stimulated genes.86 

One study examining the ability of BDBV VP35 to inhibit IFN production found 

that there was no difference compared to EBOV VP35.88 Additional data showed that 

replication of BDBV or EBOV was not influenced in cell lines with either RIG-I or 

STAT2 knocked out indicating both viruses were able to inhibit these pathways and that 

signaling through these pathways did not dampen viral growth (Versteeg, unpublished). 
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Although the inhibitory capabilities were not different between species, any differences 

in the amount of viral proteins present could affect immune inhibition. A reason for 

variations in protein concentrations during infection could be a deficiency in the ability to 

produce viral gene transcripts and subsequent translation of viral proteins. It was 

therefore of interest to determine if there was a difference in viral genome transcription or 

replication that would indicate a mechanism responsible for the observed differences in 

clinical outcomes. 

Since limited side-by-side comparisons exist, we set out to compare the growth 

kinetics of BDBV and EBOV in both primary and secondary target cell types. While viral 

growth kinetics offer an overarching view of variations in viral replication capacities, 

differences can be attributed to various points in the viral life cycle. These include viral 

entry, genome replication, transcription of viral genes, translation of viral proteins, virion 

assembly, and release of new virions. This chapter will look specifically at virion release, 

viral gene transcription, and viral genome production. We hypothesize that BDBV 

produces fewer transcripts and genome copies over time compared to EBOV resulting in 

fewer infectious viral particles. 

METHODS 

Cell Culture 

The THP-1 human protomonocytic cell line was used to derive macrophage-like 

cells in accordance with a previously published protocol.89 Cells were maintained in 

complete Roswell Park Memorial Insitute medium (cRPMI: 10% FBS + 1% 

Penicillin/Streptomycin) in an upright T-75 flask at 37°C in 5% CO2. For differentiation 
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of macrophage-like cells, 24-well plates were seeded with 2 x 105 cells per well in cRPMI 

with 200nM phorbol 12-myristate 13-acetate (PMA). Three days after plating, cells were 

observed for adherence and the media was removed and replaced with fresh cRPMI. Two 

days after the media change cells were transferred into the BSL-4 for inoculation. 

The HepG2 cell line, derived from the liver tissue of a case of hepatocellular 

carcinoma, was maintained in complete Eagle’s Minimum Essential Medium (cEMEM: 

10% FBS + 1% Penicillin/Streptomycin) in T-150 flasks at 37°C in 5% CO2. For 

experiments, cells were plated on a 24-well plate at a density of 5 x 105 cells per well. Once 

a confluent monolayer was reached, cells were transferred into the BSL-4 for inoculation. 

Vero E6 cells were used for titering of all samples. Cells were maintained in 

cEMEM in T-150 flasks at 37°C in 5% CO2. For titering, cells were plated on 6-well plates 

and, once a confluent monolayer was reached, cells were transferred into the BSL-4 for 

titrations. 

Virus Isolates 

A laboratory seed stock of Zaire ebolavirus strain Mayinga was grown from the 

serum of a fatal human case in 1976 in the Democratic Republic of the Congo (Zaire 

ebolavirus/H.sapiens-tc/COD/1976/Yambuku-Mayinga, accession number NC_002549) 

and passaged twice in authenticated Vero E6 cells.90,91  

A laboratory seed stock of Bundibugyo ebolavirus was grown from the serum of a 

2007 fatal human case in Uganda (Bundibugyo virus/H. Sapiens-tc-

UGA/2007/Bundibugyo-200706291, accession number KU182911) and passaged twice 

in authenticated Vero E6 cells.28,76,92 
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Viral Infection 

A multiplicity of infection (MOI) of 1 was used for measuring growth kinetics and 

viral RNAs. For inoculations, media was removed from all wells and 150 µL inoculum in 

serum free media was added to each well. Plates were kept at 37°C in 5% CO2 for 1 h with 

gentle rocking every 15 m. After 1 h, wells were washed five times with complete media 

to ensure removal of unattached virions. After the final wash, 500 µL complete media was 

added.  

Sample Collection 

Samples for titering and RNA extraction were collected at 1, 6, 24, 48, 72, and 96 

hours post-infection (hpi). A mock infected plate was collected for titering and RNA 

experiments at 1 hpi. At each collection timepoint, the supernatant was removed and 

centrifuged at 14,000 x g for 10 m at room temperature to clarify. The clarified supernatant 

was divided in half: half was saved for titering and half was added to TRIzol LS for RNA 

extraction. Cell monolayers were treated with TRIzol for RNA extraction. Following 

approved inactivation procedures, TRIzol samples were removed from BSL-4 for RNA 

extraction. 

RNA Extraction and Calculation of Genome Equivalents 

Seed stock and sample RNA was extracted from TRIzol samples using the Direct-

zol RNA kit (Zymo Research, Irvine, CA) following manufacturer instructions. Samples 

were eluted in DNase/RNase-free water and the concentration was determined by 

spectrometry using the Cytation 5 multi-mode reader (BioTek, Winooski, VT). Genome 
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equivalents were calculated by determining the mass of one molecule of EBOV or BDBV 

using the formula:93 

m = n	
M
Na 

m = mass 
n = bases (18,959 for EBOV; 11,161 for BDBV) 
M = mass per mole of RNA base (339 g/mol) 
Na = 6.02 x 1023 base pairs/mol 
 

Samples were diluted to a concentration of 1x109 genome equivalents (GE) per 2 µL and 

used for cDNA synthesis. 

Titration 

Clarified supernatants were diluted 1:10 in serum free EMEM and 200 µL inoculum 

was added to the Vero E6 cell monolayer in each well of a 6-well plate in duplicate. Plates 

were kept at 37°C in 5% CO2 for 1h with gentle rocking every 15 m. After 1 h, 0.8% 

agarose in 2X MEM was overlayed and allowed to form a semi-solid layer. Plates were 

incubated at 37°C in 5% CO2 until staining. Plates were stained with 5% neutral red in 

phosphate-buffered saline (PBS) 5 days later for EBOV or 7 days for BDBV. Plaques were 

counted 24 h after staining. 

Quantitative Reverse Transcription PCR 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used 

to quantify the amount of RNA of various types including viral genomic RNA (vRNA) and 

messenger RNA (mRNA). The SuperScript IV first-strand RNA synthesis kit (Invitrogen, 

Waltham, MA) was used for reverse transcription. An oligo-dT primer was used for 
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detection of mRNA. A strand specific primer was designed against the sequence of the 

trailer region for the genomic strand to distinguish it from the anti-genomic strand. A 

primer binding site in the trailer region was chosen to ensure only complete genome copies 

were detected. 

The primer-probe set for detection of viral genomic RNA (vRNA) was manually 

designed using the recommended parameters for TaqMan assays (Table 2.1). Primer-probe 

sets for each gene of interest were designed using TaqMan custom design software 

(Invitrogen) (Table 2.1). After first-strand reverse transcription, qPCR was performed 

using TaqMan Fast Advanced Master Mix (Invitrogen) per manufacturer’s protocol. To 

generate a standard curve for vRNA, genome equivalents were calculated based on the 

concentration of RNA extracted from the viral stocks. For each gene of interest, a known 

concentration of plasmid encoding the viral gene of interest was used to create a standard 

curve to determine the number of copies detected in each sample. For detection of vRNA 

in the supernatant, equal volumes (µL) of extracted RNA were analyzed and normalized to 

copies per mL. vRNA in supernatant is reported as raw values of GE and as fold-change 

compared to the sample taken 1 hpi. For detection of vRNA and mRNA in cells, equal 

amounts (ng) of cellular RNA were analyzed and normalized to copies per ng. mRNA was 

then further standardized as transcripts per GE. 
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Table 2.1 Taqman primer/probe sets for RT-qPCR 

Primers and probes designed using TaqMan Custom Design Software (Invitrogen). 
Genome primer/probe sets align to the genomic trailer (5’-end). All probes contain a 
FAM reporter. 
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RESULTS 

Growth Kinetics 

Previous work found that in a mixed peripheral blood mononuclear cell (PBMC) 

population, BDBV grew slower and to lower peak titers than EBOV.94 To confirm and 

further examine these results, the growth kinetics of BDBV and EBOV were measured in 

cell types representing the primary and secondary target cells of ebolavirus infection. The 

primary target cell types are monocytes, macrophages, and dendritic cells and a secondary 

target cell type is hepatocytes.34,36,52 For macrophages, the THP-1 protomonocytic cell line 

was used to derive macrophage-like cells; for hepatocytes, the HepG2 hepatocyte-derived 

cell line was used. Cells were infected with an MOI = 1.0 to simulate a single round of 

infection. Although an MOI of 1 does not guarantee all cells will be infected, this was the 

highest MOI that could be reached using the BDBV seed stocks. 

Growth kinetics of BDBV and EBOV in the two target cell types are shown in 

Figure 2.1A,B. In both cell types, EBOV grew to higher titers than BDBV. In THP-1 

macrophages, EBOV reached a peak titer of 6.4 x 105 PFU/mL by 72 hours post-infection 

(hpi) while BDBV reached a peak titer of 3.3 x 104 PFU/mL by 96 hpi. In the HepG2 cells, 

EBOV reached a titer of 1.2 x 107 PFU/mL at 48 hpi with a slight increase to 1.5 x 107 

PFU/mL by 72 hpi, while BDBV reached a peak titer of 1.6 x 106 PFU/mL by 72 hpi. At 

timepoints 24, 48, 72, and 96 hpi EBOV titers were consistently at least a half log higher 

than BDBV, and in most cases more than a log higher, and were significantly different at 

timepoints 24 and h8 hpi in THP-1 cells and at timepoints 48 and 72 hpi in HepG2 cells. 

Interestingly, the rate of growth, measured as fold-change from baseline, did not reach 
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statistical significance between viral species at any timepoint; however, EBOV 

consistently showed a greater increase from baseline than BDBV in HepG2 cells (Figure 

2.1 C,D). These results, coupled with previously published data, indicate that there is a 

mechanism in place that is limiting BDBV from reaching titers as high as EBOV.94 
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Figure 2.1 Growth kinetics of EBOV and BDBV in target cells 

THP-1 macrophages (A,C) and HepG2 cells (B,D) were infected with EBOV or BDBV. 
Supernatant samples were collected at the indicated times post-infection and titered to 
quantify plaque forming units (PFU). Viral titers in PFU/mL are shown as mean ± 
standard deviation of three replicates (A, B). Change in titers compared to the 1 hpi 
sample are shown as mean mean ± standard deviation of three replicates (C,D). 
Reproduced from Levine, et al 2021 with permission.125 
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Production and Release of Viral Genomes 

Next, we looked at the number of genome copies in the supernatant to compare this 

to the titration data. Equal volumes of extracted RNA were reverse-transcribed and 

analyzed by qPCR and the number of GEs was determined. The raw values indicate that at 

early timepoints after infection (1 and 6 hpi) there were slightly more BDBV GE in the 

supernatant, but by 24 hpi this difference disappears and there are roughly equivalent 

amounts of GE in the supernatant (Figure 2.2 A,B). When examined in relation to the 

baseline number of GE, EBOV infection results in a larger increase in the production and 

release of GE starting 24 hpi for both cell types (Figure 2.2 C,D). This is more pronounced 

in the THP-1 macrophages where there is an order of magnitude difference in fold-change 

for GE released which was significant at timepoints 24, 48, 72, and 96 hpi. In HepG2 cells, 

the difference in fold-change is smaller, but still shows a significantly greater increase in 

EBOV GE released compared to BDBV at timepoints 24, 48, 72, and 96 hpi. These results 

indicate that over time, more viral genomic RNA is being released from cells infected with 

EBOV than BDBV. This could be due to either an increase in the number of virions 

produced or due to cellular lysis resulting in not yet packaged viral genomes being released. 
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Figure 2.2 Genome equivalents of EBOV and BDBV released in supernatant 

RNA was extracted from supernatant samples at the indicated timepoints post-infection 
and genome equivalents were quantified from THP-1 macrophages (A,C) and HepG2 
cells (B,D). Genome equivalents per mL are shown as mean ± standard deviation of three 
replicates (A, B). Change in genome equivalents compared to the 1 hpi sample are shown 
as mean mean ± standard deviation of three replicates (C,D). Reproduced from Levine, et 
al 2021 with permission.125 
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When measuring intracellular copies of genomes, there is a similar trend to what 

was seen in the supernatant samples. There is a slight increase in the number of EBOV GE 

within cells compared to BDBV at time points after 24 hpi, especially in THP-1 cells which 

is significantly different by 96 hpi (Figure 2.3 A,B). Notably, there are significantly more 

copies of genomic RNA in BDBV infected HepG2 cells at 1 and 6 hpi compared to EBOV 

infected cells. This could be due to multiple virions infecting the same cell or to more 

copies of genomic RNA packaged within each BDBV virion. When examined in relation 

to baseline copies at 1 hpi, EBOV infection results in a greater change in GE within cells 

(Figure 2.3 C,D). In THP-1 cells, the change over time slows for EBOV infection, 

plateauing at 48 hpi, while the change in BDBV GE in cells continues to increase through 

96 hpi. In HepG2 cells, the production of EBOV GE continues to rise through 72 hpi and 

then plateaus, while BDBV continues to show an increase in GE over the time course. The 

difference in fold change is significantly different at the later timepoints, 96 hpi for THP-

1 cells and 72 and 96 hpi for the HepG2 cells. The rapid accumulation of EBOV GE from 

24 to 48 hpi for THP-1 cells and 24 to 72 hpi for HepG2 cells likely points to the period 

when replication of genomes is the central activity of the polymerase complex, rather than 

transcription. This would coincide with the continued release of virions and genomic copies 

into the supernatant. 
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Figure 2.3 Intracellular genome equivalents of EBOV and BDBV 

RNA was extracted from lysed cell monolayers at the indicated timepoints post-infection 
and genome equivalents were quantified from THP-1 macrophages (A,C) and HepG2 
cells (B,D). Genome equivalents per ng RNA are shown as mean ± standard deviation of 
three replicates (A, B). Change in genome equivalents compared to the 1 hpi sample are 
shown as mean ± standard deviation of three replicates (C,D). 
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Transcription 

To examine genome transcription, RT-qPCR was used to look at mRNA copies 

produced throughout the course of infection. Copies of VP35, VP30, and L mRNA were 

selectively measured by performing reverse transcription using oligo-dT primers. Gene 

specific TaqMan primer-probe sets were used to amplify and quantify transcripts over a 

96-h infection period in both THP-1 derived macrophages and HepG2 cells. For cells 

infected with either EBOV or BDBV, it was found that transcription was most abundant in 

the first 24 h after infection (Figure 2.4) and a dramatic increase was observed during the 

first 24 h period. For individual transcripts there was a 100 - 1,000-fold increase in the 

number of copies of EBOV mRNA from 1 hpi to 24 hpi (Figure 2.4). For BDBV, the 

increase was not as large, ranging on average from 10 - 100-fold increase from 1 hpi to 24 

hpi (Figure 2.4). This rapid increase correlates to the first round of transcription which is 

carried out by polymerase complexes packaged within each virion, and the addition of 

secondary transcription by newly formed polymerase complexes. 

To further analyze transcription, mRNA transcripts were normalized per GE. As 

would be expected, VP35, the second gene to be encoded, was produced at levels 

substantially greater than VP30 and L which are encoded later in the genome (Figure 2.5). 

This fits with the known mechanism of polar transcription for ebolaviruses. For all three 

genes, the amount of transcript per GE was highest at 24 hpi and then decreased across all 

the later timepoints. The starkest difference between EBOV and BDBV was in the amount 

of VP35 transcript produced per GE. EBOV infection resulted in 2 and 2.4 VP35 transcripts 

produced per GE in THP-1 and HepG2 cells, respectively (Figure 2.5). BDBV infection 

resulted in 0.4 and 0.7 VP35 transcripts per GE for THP-1 and HepG2, respectively (Figure 

2.5). This difference was observed at 1, 6, and 24 hpi and then transcripts became 

equivalent for later timepoints, with a significant difference observed at 6 and 24 hpi in 

both cell types. The amount of VP30 transcripts per GE were roughly equivalent at all 
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timepoints for both viruses. In the case of the L gene, there were more transcripts per GE 

produced for EBOV compared to BDBV in both cell types at 24 hpi, while all other 

timepoints showed nearly equivalent amounts of transcripts per GE. This difference was 

significant in the HepG2 cell line. These results point to a mechanism in which EBOV can 

more efficiently transcribe specific genes compared to BDBV. 
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Figure 2.4 Fold change in viral transcripts during EBOV and BDBV infection 

RNA was extracted from lysed cell monolayers at the indicated timepoints post-infection 
and mRNA transcripts were quantified from THP-1 macrophages (A,C,E) and HepG2 
cells (B,D,F). Transcripts measured were VP35 (A,B), VP30 (C,D), and L (E,F). Change 
in viral transcripts over time were compared to the 1 hpi sample are shown as mean ± 
standard deviation of three replicates. 
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Figure 2.5 Transcripts per genome during infection with EBOV and BDBV 

RNA was extracted from lysed cell monolayers at the indicated timepoints post-infection 
and mRNA transcripts were quantified from THP-1 macrophages (A,C,E) and HepG2 
cells (B,D,F). Transcripts were normalized per GE at each timepoint and are shown as 
mean ± standard error of the mean of three replicates. 
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DISCUSSION 

Clinical and in vivo data have shown that BDBV is less lethal than EBOV but the 

underlying reason for this observation has yet to be determined. While some have 

suggested the difference in clinical CFR is due to improved medical infrastructure in the 

regions where BDBV has emerged, this cannot be adequately assessed due to the limited 

number of outbreaks. Animal models of BDBV point to a viral mechanism for the lower 

fatality rate. Both NHP and ferret models of infection show a delayed time to death when 

compared to both EBOV and SUDV.77,78,95-97 It is still unknown whether this delayed 

disease course is due to differential immune responses, viral growth kinetics, or a 

combination of both. The experiments presented in this chapter set out to directly compare 

the growth kinetics, viral genome production, and transcription patterns of EBOV and 

BDBV. By performing this side-by-side comparison we were able to distinguish what 

portions of the viral replication process differ between these two species. 

One study which looked at the replication kinetics of BDBV compared to EBOV, 

found a marked difference in the viral titers and the rate of growth of these viruses in a 

mixed PBMC population.94 The results presented in this chapter show a similar trend in 

which BDBV grows to lower peak titers when compared to EBOV in both THP-1 derived 

macrophages and HepG2 hepatocytes. In both these experiments and those previously 

published the difference in peak titers were half to one log different between species. In 

contrast to the published data using a mixed PBMC population, the growth curves in THP-

1 macrophages and HepG2 cells proceeded at approximately the same rate, with EBOV 

titers increasing at a slightly higher rate than BDBV titers at later timepoints in the HepG2 

cells. The reason for this difference in results could be due to the cell types used, the MOI 

used (1.0 versus 2.0), the method for quantification (plaque assay versus 

immunofluorescent staining), or a combination of these factors. Regardless of these 
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differences, both sets of experiments show that BDBV grows to lower titers than EBOV 

and that the time to reach peak titers is delayed for BDBV. 

To confirm our titration results, we also looked at the number of genome copies 

within the supernatant. The trend was similar, although it is interesting to note that at 1 and 

6 hpi there were more copies of BDBV genomic RNA in the supernatant than EBOV. 

Considering that the number of genomic copies was roughly equivalent between species 

while the titers were lower for BDBV, this equates to a higher ratio of viral genomes per 

PFU for BDBV compared to EBOV. This is surprising and deserves further examination. 

One reason for this finding is that BDBV may be producing defective interfering (DI) 

particles which are incapable of infecting cells. These DI particles would still contain 

genomic material but may not be capable of infecting naïve cells or replicating once 

internalized.98,99 It would be interesting to examine the population of RNA genomes in the 

supernatant from BDBV infection to determine if any deletions or mutations are found that 

would inhibit further infection and viral replication. 

In addition to the number of infectious particles, the amount of individual viral 

proteins produced could have an impact on the replicative capacity of each virus. While it 

appears that there is no difference in the direct ability of the immune antagonists VP35 and 

VP24, a decreased amount of either protein would result in a lower ability to evade cellular 

immune sensors. In addition, the proteins of the polymerase complex must be produced 

early after infection to create new complexes and carry out secondary transcription and 

replication. This hypothesis was examined by measuring viral gene transcripts by RT-

qPCR over the course of infection in both primary and secondary target cells. Three genes 

were selected across the genome to account for the polar transcription which takes place. 

The rate of production for all three transcripts was higher for EBOV than for BDBV 

indicating that more transcription was taking place. The most substantial increase was seen 

between 6 and 24 h which would align with when the viral polymerase complex is carrying 

out transcription rather than genome replication. One mathematical model of ebolavirus 
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replication estimates that approximately 30 h pass before new virions are released and this 

matches what was observed here.100 It would be interesting in future studies to collect 

multiple samples within the first 24 h of infection to further narrow down when the 

polymerase complex switches from transcription to replication. RT-qPCR or RNAseq data 

could be coupled with western blotting to probe for hyperphosphorylated VP30 which is 

necessary to promote genome replication.60 

The rate of production for viral transcripts plateaued for EBOV in THP-1 

macrophages after 48 h. This could indicate transcription had reached a steady state either 

due to the process of replication competing for template genomic RNA or due to a lack of 

production of more polymerase complexes. In contrast, EBOV transcription continued in 

HepG2 cells throughout the infection time course, although it appeared to slow over time. 

The same was true for BDBV infection in both THP-1 macrophages and HepG2 cells. 

These results suggest that macrophages are highly amenable to EBOV infection resulting 

in rapid transcription and replication while BDBV replication is more limited in this cell 

type. 

The most telling result was in examination of transcription in the context of viral 

genome production. There was a substantial increase in the number of EBOV VP35 

transcripts produced per viral genome, 2.4 and 2.0 transcripts per genome for THP-1 and 

HepG2, respectively. This was not the case for BDBV in which there were fewer than 1 

transcript produced per genome. This could account for twice as much VP35 present during 

EBOV infection compared to BDBV infection. Since VP35 has carries out two important 

functions during infection, inhibition of the RIG-I pathway and RNA synthesis, this 

increase in protein concentration could account for the increased production of infectious 

virions. Similar to what was seen with VP35, there was a three-fold difference in the ratio 

of L transcripts per genome at 24 hpi with EBOV infection resulting in more transcripts 

than BDBV. This is to be expected as VP35 and L interact in the polymerase complex and 

a proper ratio of these two proteins must be maintained.38 As with VP35, an increase in the 



 38 

production of the L protein could result in the formation of more polymerase complexes, 

thus resulting in more transcription and genome replication. Future experiments should 

verify these results by RNA sequencing and measurement of viral protein concentrations 

over the course of infection either by western blot or quantitative mass spectrometry. 

The results presented here indicate a possible mechanism for the variations in viral 

growth kinetics, disease course, and case fatality rate between EBOV and BDBV. It 

appears that EBOV infection results in increased transcription of viral genes compared to 

BDBV. This would result in a cascading effect in which EBOV produces more immune 

inhibitory proteins allowing for unchecked viral replication. This hypothesis is in line with 

the data showing that EBOV and BDBV VP35 can inhibit the IFN induction pathway to 

the same extent, but in a dose dependent manner.88 In addition, a higher concentration of 

viral proteins would mean that there is an increased number of polymerase complexes able 

to carry out RNA synthesis. This would result in more transcription and replication and 

production of new virions. As viral gene transcription is carried out specifically by the viral 

polymerase complex, the next two chapters will examine the BDBV polymerase complex 

and compare it with that of EBOV. 
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Chapter 3: Creation and Optimization of a Bundibugyo ebolavirus 

Minigenome System 

INTRODUCTION 

Ebolaviruses are classified as Tier 1 Select Agents for study only within a BSL-4 

containment laboratory. Not only is the study of ebolaviruses heavily restricted but 

studies within a BSL-4 laboratory are tedious and time-consuming. It is therefore of 

interest to have a model system that can be utilized at a lower biosafety level so that (1) 

more groups can study the virus, (2) the impact of individual mutations can be studied in 

context of specific activities, such as replication or budding, and (3) screening of 

therapeutics can occur before testing highly effective candidates against full-length virus. 

One model system which has been used extensively to study the replication 

complex of many viruses is the minigenome system.101-104 In a minigenome system, only 

the proteins necessary for viral genome transcription and replication are present along 

with a ‘minigenome’. The simplest minigenome is one which encodes for a reporter 

molecule such as green fluorescent protein (GFP) or luciferase, which is flanked by 

upstream and downstream genomic regulatory regions. More complex minigenomes that 

encode for other viral proteins can also be used. By encoding for viral proteins such as 

structural proteins and those involved in virion budding, one can study the full replication 

cycle of a virus without the need for a high containment laboratory. This is because there 

is no full-length virus capable of replicating and infecting cells. 

All non-segmented negative-sense (NNS) RNA viruses utilize a similar 

polymerase complex for transcription of viral genes and replication of the genome.44 This 
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complex consists of a nucleoprotein (N, or NP for filoviruses), a phosphoprotein (P, or 

VP35 for filoviruses), and an RNA-dependent RNA polymerase (L). In the case of 

ebolaviruses, a fourth protein, VP30, is also associated with the polymerase complex and 

acts as a transcriptional activator.38 The remainder of this chapter will focus on these four 

proteins and their specific roles for ebolavirus transcription and replication. 

The first gene in the ebolavirus genome, NP, is involved in several aspects of the 

ebolavirus replication cycle, the most well-studied is the encapsulation of the genome 

RNA. By binding and surrounding the RNA, NP prevents host cell nucleases from 

degrading the RNA and prevents detection by the host innate immune sensors.105 NP also 

encapsulates the viral antigenome, or the RNA intermediate used for genome replication. 

The NP-RNA interface is in a 1:6 ratio, with six nucleotides bound to every single 

nucleoprotein.106 This is similar to the ‘rule-of-six’ observed with paramyxoviruses, 

another family within the order Mononegavirales, in which each nucleoprotein molecule 

binds to six nucleotides.107 In addition to shielding the RNA from detection and 

degradation, NP may also play a role in the formation of new virions. In a system which 

produces viral-like particles (VLPs) to study virion release, it was found that while 

expression of VP40 alone could initiate the release of filamentous VLPs, the presence of 

NP significantly enhanced the production of VLPs.37,108 NP also plays a critical role in 

orchestrating the transcription and replication process. This can be seen by the fact that 

NP interacts with both the polymerase cofactor VP35 and the transcriptional activator 

VP30.40,48 The level of interaction with these two proteins modulates the amount of RNA 

synthesis as well as whether transcription or replication will be the dominant 

process.40,48,60 
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Next in the genome is VP35, the ebolavirus phosphoprotein. In addition to acting 

as the polymerase cofactor VP35 is also involved in subversion of the host innate 

immune response through interaction with RIG-I in the IFN induction pathway.84,88 As 

the polymerase cofactor, VP35 binds both NP and L, acting as a chaperone for the 

polymerase subunit, L, to interact with viral RNA. As mentioned previously, VP35 

contains a binding site for NP, the NP binding peptide (NPBP).39,40 While bound to 

VP35, NP is unable to bind to viral RNA and instead, it is hypothesized that, the RNA is 

now more easily accessible to L. On the other hand, when VP35 and NP are not 

interacting, NP tightly binds the viral RNA which may be a signal for viral packaging and 

release.40,109 

The fifth protein encoded in the ebolavirus genome is the transcriptional activator 

VP30. VP30 is required for ebolavirus transcription and modulates this process by 

allowing read-through of a hairpin located in the open reading frame for NP.110 Removal 

of this hairpin structure allows for VP30-independent transcription.110 This RNA hairpin 

structure is only found upstream of NP and nowhere else in the genome. In addition to 

guiding transcription, VP30 functions to switch between transcription and replication. 

This switch occurs based on the phosphorylation status of VP30.50,60 When in a non- or 

low-phosphorylation state, VP30 binds strongly to VP35 and transcription is the 

dominant process.60 When VP30 is hyper-phosphorylated, the interaction with VP35 is 

limited and replication becomes the dominant process.60 The mechanism signaling this 

switch in phosphorylation state is yet to be determined. 

The seventh and last gene of the ebolavirus genome is the large gene, or L, which 

encodes for the enzymatic subunit of the RNA-dependent RNA polymerase (RdRp). The 
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polymerase subunit is made up of the proteins VP35 and L, with L being the catalytic 

subunit.111 The L protein is made up of five domains which perform all of the functions 

for transcription and replication of ebolaviruses: RNA-dependent RNA polymerase 

activity, mRNA capping by a polyribonucleotidyl transferase (PRNTase), and 

methyltransferase activity.112,113 The necessity for these domains and their activities is 

demonstrated by the high homology found between all NNS viruses and mutational 

analysis of these domains results in a severely limited replicative capacity.113-115 To carry 

out the polymerase functions, L interacts with both VP35 and VP30 as well as the viral 

RNA. VP35 appears to act as a bridge between L and the NP-encapsulated RNA, 

bringing the catalytic subunit into proximity with the RNA.116 

A final component that directs the viral transcription and replication process is the 

untranslated genomic ends. These untranslated regions (UTR) are referred to as the 

genomic leader (3’-UTR) and trailer (5’-UTR). The RNA sequence and secondary 

structure of the viral genomic RNA contains important signaling sequences for initiation 

of transcription and replication.110,117,118 The leader contains several signaling sequences 

and structures including a highly conserved initiation site, NP gene start signal, and a 

sequence of UN5 repeats.59,106,117 In contrast to the leader region, the trailer region of 

ebolavirus genomes is highly variable across species. Much less is known about the 

trailer although recent data suggests that genome replication is initiated at an internal 

nucleotide sequence.119 In addition, binding motifs for host cell proteins have been 

identified in the trailer region and their roles in regulating replication are under 

investigation.114 



 43 

In a minigenome system, support plasmids encoding the four proteins of the 

polymerase complex, NP, VP35, VP30, and L are transfected along with a minigenome 

encoded plasmid (Figure 3.1).101,102 The minigenome contains all the necessary signaling 

sequences for transcription and replication without encoding for any viral proteins, 

instead, the minigenome contains a gene encoding a reporter, flanked by the leader and 

trailer. The minigenome is oriented in a 3’ à 5’ direction to mimic authentic virus. The 

minigenome system described in this chapter utilizes a T7 polymerase to synthesize the 

first copy of minigenome RNA. After this, the viral polymerase complex must take over 

for transcription of the reporter gene and replication of the minigenome. Translation of 

the reporter mRNA is carried out by host cell machinery as would occur in the context of 

an infection. The use of a reporter allows for easy quantification of the amount of 

polymerase activity. Transcription and translation of the reporter gene is carried out in a 

similar way to how viral proteins would be processed during infection. Therefore, this 

system can act as a tool for studying the polymerase activity of ebolaviruses. 

Minigenome systems are currently available for the ebolaviruses EBOV and 

RESTV, as well as the related filoviruses MARV and LLOV.38,57,101,120-122 This chapter 

describes the design and optimization of a novel minigenome system for BDBV which 

can be used for investigating the role of individual polymerase complex proteins in 

transcription (Chapter 4) and as a tool for screening therapeutic compounds (Chapter 5). 



 

 
Figure 3.1 Schematic of minigenome assay 

Polymerase complex support plasmids NP, VP35, VP30, and L are transfected along with 
a minigenome (MG) plasmid. A T7 polymerase plasmid is either transfected or stably 
expressed and transcription of the plasmids is carried out by the T7 polymerase. Viral 
proteins are translated by the host ribosomes. The minigenome plasmid encoding 
luciferase is transcribed by the T7 polymerase to produce a negative sense RNA 
minigenome which is recognized by the viral polymerase complex. After viral 
transcription of the reporter gene, luciferase is translated by host ribosomes. At the 
experimental endpoint, cells are lysed, and the luciferase substrate luciferin is added. 
Enzymatic activity by luciferase is measured as luminescence by spectrometry. Image 
created by Corri B. Levine using Microsoft PowerPoint. 



 

METHODS 

Cell Culture 

The baby hamster kidney cell line BSR-T7/5 was used for all transfection 

experiments. BSR-T7/5 cells stably express the T7 polymerase under positive selection 

with the antibiotic geneticin (Gibco, Carlsbad, CA) which was added to the medium every 

other passage.123 Cells were cultured in complete Dulbecco’s modified Eagle medium 

(cDMEM: 10% FBS + 1% Penicillin/Streptomycin, 1% GlutaMax). Cells were maintained 

at 37°C and 5% CO2. 

Virus Isolate 

A laboratory seed stock of Bundibugyo ebolavirus was grown from the serum of a 

2007 fatal human case in Uganda (Bundibugyo virus/H. Sapiens-tc-

UGA/2007/Bundibugyo-200706291, accession number KU182911) and passaged twice in 

authenticated Vero E6 cells.28,76,92 Supernatant was inactivated in TRIzol (Ambion, 

Carlsbad, CA) before removal from BSL-4 facilities.  

Plasmids 

The plasmids pTM1_VP30_ZEBOV and p2,0_3E5E_luciferase were a gift from 

Dr. Elke Muhlberger (Addgene plasmids #69119, 69358).116 These plasmids were used as 

the backbone for construction of plasmids encoding BDBV proteins and untranslated 

regions. The transfection control plasmid pGL4.74[hRluc/TK] (Promega, Madison, WI) 

encoding Renilla luciferase was used for all luciferase assays. 
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Cloning 

SUPPORT PLASMIDS 

Construction of the BDBV support plasmids pTM1_NP_BDBV, 

pTM1_VP30_BDBV, and pTM1_VP35_BDBV was completed using the backbone of the 

pTM1_VP30_ZEBOV plasmid after restriction enzyme digestion with EcoRI-HF and PacI 

(New England Biolabs Inc. (NEB), Ipswich, MA). BDBV RNA was harvested by TRIzol 

extraction using the Direct-zol RNA miniplus kit (Zymo). Reverse transcription was 

performed using the SuperScript IV First-Strand Synthesis System (Invitrogen) using a 

gene-specific forward primer. The gene of interest was then amplified with the Platinum 

SuperFi PCR Master Mix (Invitrogen) using gene specific primers with the addition of the 

desired 5’ and 3’ restriction sites. Following PCR amplification, the product was column 

purified using the PureLink PCR Purification Kit (Invitrogen), and underwent restriction 

enzyme digestion with EcoRI-HF and PacI before a second column purification. Ligation 

of vector and insert was performed using the Fast-Link DNA Ligation Kit (Lucigen, 

Middlesex, UK). Ligated plasmids were transformed into chemically competent C600 E. 

coli cells (NEB). 

The support plasmid pTM1_L_BDBV was constructed using 

pTM1_VP30_ZEBOV as a backbone after restriction enzyme digestion with AgeI and 

XhoI (NEB). The L gene was reverse transcribed and amplified in two segments. Reverse 

transcription was performed using the SuperScript IV First-Strand Synthesis Kit 

(Invitrogen) using a gene-specific forward primer for each segment and amplification was 

completed using the Platinum SuperFi PCR Master Mix (Invitrogen). Primers were 
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designed to encode the end of the gene and an overlapping region complementary to the 

pTM1 plasmid backbone and reconstructing the restriction sites as per the principles of 

Gibson cloning.124 All PCR products were purified using the PureLink PCR Purification 

Kit (Invitrogen). The final plasmid was ligated using the NEBuilder HiFi DNA Assembly 

Cloning Kit (NEB) and the ligation mixture was transformed into chemically competent 

NEB5a E. coli cells (NEB). All support plasmids were selected based on ampicillin 

resistance. Colonies were screened by PCR and restriction digest, and positive clones were 

confirmed by Sanger sequencing. 

MINIGENOME PLASMIDS 

The vector backbone for the minigenome plasmids was derived from 

p2,0_3E5E_luciferase. The restriction enzymes RsrII, NdeI, NotI, and XhoI (NEB) were 

used to segment the p2,0_3E5E_luciferase plasmid into its component parts: p2,0 vector, 

leader, trailer, and reporter gene (Figure 3.2, 3E5E). The BDBV leader and trailer regions 

were constructed as described for L using genome specific forward primers for reverse 

transcription, addition of an overlapping region to the vector, and reconstruction of 

restriction sites. The hepatitis delta virus ribozyme self-cleaving site was added to the 

leader region and the T7 promoter was added to the trailer region during PCR 

amplification. Construction of the plasmids was completed using NEBuilder HiFi DNA 

Assembly Cloning Kit (NEB) and the ligation mixture was transformed into chemically 

competent NEB5a E. coli cells (NEB) and selected based on ampicillin resistance. 

Colonies were screened by PCR and restriction digest, and positive clones were confirmed 

by Sanger sequencing. The minigenome plasmids consist of the 3’-leader (3) and 5’-trailer 
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(5) regions of either EBOV (E) or BDBV (B) and are annotated as 3E5E, 3E5B, 3B5E, and 

3B5B (Figure 3.2). 

 Primers used for all cloned plasmids are listed in Table 3.1. 
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Figure 3.2 Map of minigenome constructs 

EBOV (3E5E), BDBV (3B5B) and chimeric minigenomes (3E5B and 3B5E) are 
represented. Restriction sites for RSRII and NdeI are located outside the leader region, 
NotI and XmaI are located outside the trailer region. The T7 promoter is located 
upstream of the 5’-UTR and the Hepatitis delta ribozyme self-cleaving site is located 
downstream of the 3’-UTR to ensure an exact 3’ end. Naming refers to the 3’-leader (3) 
or 5’-trailer (5) from BDBV (B) or EBOV (E). Image created by Corri B. Levine using 
Microsoft PowerPoint. Reproduced from Levine, et al 2021 with permission.125 



 50 

  

Table 3.1 Primers for Cloning 

Underlined sequences correspond to regions in the BDBV genome. Italicized sequences 
correspond to the T7 promoter and hepatitis delta ribozyme sequences located in the 
minigenome. Bold sequences correspond to an overlapping region in the vector required 
for Gibson assembly. Reproduced from Levine, et al 2021 with permission.125 
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Transfection 

BSR-T7/5 cells were plated in 6-well tissue culture treated plates at a density of 4 

x 105 cells/well as per recommendations for the EBOV minigenome system.101 When cells 

reached 70% confluency, they were transfected using Lipofectamine 3000 (Invitrogen), as 

per the manufacturer’s protocol. 

Luciferase Assay 

Minigenome expression was quantified using the Dual-Luciferase Assay System 

(Promega). Forty-eight hours after transfection, media was removed, and cell monolayers 

were washed once with PBS. Cell lysis was completed using passive lysis buffer as per 

manufacturer’s protocol and lysates were collected for downstream analysis. All conditions 

were tested in triplicate and standardized as relative luminescence units (RLU) calculated 

as a ratio of Firefly Luciferase to Renilla Luciferase. 

RESULTS 

Generation of a BDBV Replication and Transcription System 

In order to study the BDBV polymerase complex in isolation and outside of a high-

containment lab, a BDBV minigenome system was created.125 The genes encoding the 

polymerase complex proteins NP, VP35, VP30, and L are essential for transcription and 

replication and therefore essential for minigenome activity. These genes were cloned in the 

pTM1 vector which contains a T7 RNA polymerase promoter upstream of the gene of 

interest. To create the minigenome, the UTRs of BDBV were cloned into the p2,0 vector 
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flanking a luciferase reporter gene (Figure 3.2). This included the leading 460 nucleotides 

and the trailing 741 nucleotides. Addition of the T7 RNA polymerase promoter and a 

hepatitis delta ribozyme, a self-cleaving site which ensures an exact 3’ end, were added in 

by PCR amplification. The T7 promotor was directly upstream of the 5’-trailer and the 

ribozyme was directly downstream of the 3’-leader. The hepatitis delta ribozyme is 

included to create authentic 3’ ends which are necessary for recognition by the viral 

polymerase complex.59,106,120 All plasmids were confirmed by Sanger sequencing and no 

mutations were found. The minigenome construct is identified as 3B5B indicating that the 

sequences from BDBV (B) are used for the 3’-leader (3) and 5’-trailer (5). In addition to 

the minigenome 3B5B, two chimeric minigenomes were created using the UTRs from 

EBOV. These chimeric minigenomes are designated 3E5B, EBOV 3’-leader and BDBV 

5’-trailer, and 3B5E, BDBV 3’-leader and EBOV 5’-trailer (Figure 3.2). 

Titration of BDBV Minigenome and Support Plasmids 

The four proteins of the polymerase complex, NP, VP35, VP30, and L are essential 

for transcription and replication of the minigenome.38,122 Titrations were necessary to 

determine the optimal concentration and ratio of each plasmid to the others. Each support 

plasmid was titrated from 0 ng to 4 µg, while the concentration of the other three support 

plasmids and the minigenome encoded plasmid remained constant. Initial plasmid 

concentrations were chosen based on the published protocol for the EBOV minigenome 

system.101 Titrations of the BDBV plasmids resulted in a range of activity indicating an 

optimal concentration of each plasmid and showing that too little or too much of an 

individual plasmid renders the system inactive (Figure 3.3). This is consistent with 
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previous experiments using the MARV, EBOV, and RESTV minigenome systems.38,57,122 

In the case of the minigenome plasmid, increasing concentrations of this plasmid resulted 

in a linear increase in luciferase activity, as would be expected (Figure 3.3). Removal of 

any one of the four support plasmids resulted in no detectable luciferase activity indicating 

that all four proteins are necessary for transcription of the minigenome (Figure 3.3). These 

studies do not directly measure replication and therefore it is unclear if the BDBV 

polymerase complex can replicate the minigenome in the absence of VP30 as is the case 

for EBOV and the related MARV.38,57,117 
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Figure 3.3 Titration of support plasmids and minigenome 

BDBV support plasmids NP, VP35, VP30, and L were titrated from 0 ng to 2 µg. Each 
plasmid was titrated while the concentration of the other four plasmids remained 
constant. Plasmids that were kept constant were used at the following concentrations: NP 
500 ng, VP35 1 µg, VP30 100 ng, L 500 ng, and minigenome 3B5B 2 µg. Each condition 
was tested in duplicate and is graphed as the mean percent maximal luminescence for 
each curve. Reproduced from Levine, et al 2021 with permission.125 
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Further testing was completed to define the optimal concentration of each plasmid 

in the full system using concentrations chosen based on the peak luciferase assay for each 

plasmid curve (Figure 3.3). Concentrations above and below these peaks were tested in 

combination to further refine the optimal amount of each plasmid needed for the system 

(Figure 3.4, not all combinations shown). Based on these titration experiments, the 

optimized BDBV minigenome system requires: 500 ng NP, 1000 ng VP35, 50 ng VP30, 

250 ng L, and 2000 ng minigenome 3B5B. 
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Figure 3.4 Comparison of a narrowed range of plasmid concentrations 

A narrowed range of concentrations were tested to determine the optimal input of 
each support plasmid and the minigenome plasmid. The amount of each plasmid 
is shown in ng and the minigenome activity from each combination is shown as 
percent maximal luminescence. Each condition was tested in triplicated and is 
graphed as mean standard ± deviation. Reproduced from Levine, et al 2021 with 
permission.125 
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DISCUSSION 

This chapter has described the design, creation, and optimization of a novel 

minigenome system for studying the polymerase complex of the ebolavirus BDBV. This 

system will aid in future studies aimed at understanding the mechanisms behind differences 

in pathogenicity between the various ebolavirus species. In addition, this system can be 

used as a tool to screen therapeutic candidates for inhibition of ebolavirus replication. The 

BDBV minigenome system described here showed similarity to the EBOV system. The 

four components of the polymerase complex NP, VP35, VP30, and L were all required for 

transcription of the minigenome reporter gene, luciferase. Removal of any single plasmid 

resulted in no detectable signal. It would be of interest to determine if VP30 is only 

necessary for transcription as is the case with EBOV and RESTV.38,122 

The overall amount of each plasmid needed for transfection was variable between 

the EBOV and BDBV systems. Specifically, higher concentrations of VP35 and L were 

needed in the BDBV system compared to EBOV (2x and 2.5x, respectively) and half as 

much VP30 was needed. The changes in VP35 and L still maintain a relatively high ratio 

between these two as is the case for EBOV (5:1 for EBOV, 4:1 for BDBV). It should be 

noted that in the seminal paper describing the EBOV minigenome, a ratio of 4:1 was found 

to be optimal.38 These interpretations should be analyzed with care, though, as transfection 

concentrations do not necessarily correlate with protein production. In addition, the EBOV 

minigenome system used here was based on published methods and was not further 

optimized outside of the previously published parameters. To better understand if there are 

differences in the concentrations of specific proteins needed for polymerase activity, 

western blotting or quantitative mass spectrometry should be completed to compare the 
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amount of protein present after transfection with each plasmid. This would inform whether 

there truly is a difference in the amount of each protein needed. If different amounts of 

polymerase complex proteins were needed for each optimized minigenome system, it 

would be of interest to compare these results to infection with authentic virus as this could 

point to reasons behind the observed differences in replication efficiency and pathogenicity 

of these two viruses. 

The next two chapters will describe how this novel BDBV minigenome system was 

used to compare replication complex machinery with the prototypical ebolavirus EBOV 

(Chapter 4) and to test the inhibitory capacity of several small molecules (Chapter 5). 
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Chapter 4: Compatibility of the Viral Polymerase Complex 

Components Between Bundibugyo and Zaire ebolaviruses 

INTRODUCTION 

Although closely related, noticeable differences exist in the replication kinetics of 

EBOV and BDBV as shown in Chapter 2. Previous data suggests that the direct ability of 

these two viruses to evade the host immune response is not the reason for these differences 

(Versteeg, unpublished).88 Instead, variation in the efficiency of the viral polymerase 

complex may be driving the difference in replication dynamics. To study this, a 

minigenome system which looks specifically at transcription and replication dynamics was 

developed for BDBV as described in Chapter 3. It is possible that the BDBV polymerase 

complex proteins do not carry out transcription and replication as efficiently as other 

ebolaviruses, specifically EBOV. 

Previous research comparing the EBOV polymerase complex with that of RESTV 

support the idea of that a less efficient polymerase complex may lead to reduced 

pathogenicity in humans. Overall, sequence similarity between these viruses is 66% for 

EBOV and BDBV, and 63% for EBOV and RESTV. Similar to what is observed with 

BDBV, RESTV infection is slower and less abundant that EBOV.122,126 When the 

polymerase complex is examined in isolation using a minigenome system, there is a 

diminished production of the reporter when using the RESTV polymerase complex 

compared to EBOV. This has been shown in two independent examinations using two 

different cell lines.122,126 Further examination looking at the compatibility of the 

polymerase complex proteins between these two species found that all proteins could be 
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exchanged with the exception of a complex using EBOV VP35 and RESTV L.122 Overall, 

it appeared that RESTV proteins were more likely to be accepted into the EBOV complex 

while the inverse nearly always resulted in a large decrease in activity. This could point to 

an increased flexibility in the EBOV polymerase complex to accept mutational changes in 

these proteins.  

When looking across the filovirus genera the compatibility of polymerase complex 

proteins is much less. Between EBOV and MARV, only VP30 can be exchanged and still 

result in a functional polymerase complex.38 This is interesting because VP30 is not an 

essential polymerase complex protein for MARV transcription like it is for EBOV. The 

interchangeability of VP30 extends to the third filovirus genus, cuevavirus, and the single 

member LLOV. LLOV can accept VP30 from RESTV, EBOV, and MARV although 

minigenome activity is much lower than with LLOV VP30.120 Other proteins were not 

exchanged so it is unclear if the polymerase complex of LLOV can function using proteins 

from the other genera. 

To further elucidate the effect of the polymerase complex proteins on replication 

efficiencies we set out to examine whether BDBV and EBOV polymerase complex 

proteins could be exchanged and still function to transcribe a minigenome. We 

hypothesized that the BDBV proteins would have a negative effect when added to the 

EBOV system and the EBOV proteins would have a positive effect when added to the 

BDBV system. 
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METHODS 

Minigenome Plasmids 

The EBOV minigenome system including the minigenome plasmid and four 

support plasmids (NP, VP35, VP30, and L) were a gift from Elke Muhlberger (Addgene 

plasmids #68121, 69119, 69120, 69121, 69358).116 This system is based on EBOV strain 

Mayinga. The BDBV minigenome system was cloned an optimized as descripted in 

Chapter 3. 

Transfection 

BSR-T7/5 cells were plated in 6-well tissue culture treated plates at a density of 4 

x 105 cells/well as per recommendations for the EBOV minigenome system.101 When cells 

reached 70% confluency, they were transfected using Lipofectamine 3000 (Invitrogen), as 

per the manufacturer’s protocol. 

Luciferase Assay 

Minigenome expression was quantified using the Dual-Luciferase Assay System 

(Promega). Forty-eight hours after transfection, media was removed, and cell monolayers 

were washed once with PBS. Cell lysis was completed using passive lysis buffer as per 

manufacturer’s protocol and lysates were collected for downstream analysis. All conditions 

were tested in triplicate and standardized as relative luminescence units (RLU) calculated 

as a ratio of Firefly Luciferase to Renilla Luciferase. 
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Exchange of Plasmids 

Support plasmids were exchanged between minigenome systems containing either 

the EBOV minigenome 3E5E or the BDBV minigenome 3B5B (Figure 3.2). When the 

minigenome 3E5E was used, the support plasmid concentrations matched that of the 

complete EBOV system: 500 ng NP, 500 ng VP35, 100 ng VP30, 100 ng L. When the 

minigenome 3B5B was used, the support plasmid concentrations matched that of the 

optimized BDBV system: 500 ng NP, 1000 ng VP35, 50 ng VP30, 250 ng L. 

Exchange of Minigenomes 

Minigenome encoded plasmids were exchanged between minigenome systems 

containing either all four EBOV support plasmids or all four BDBV support plasmids. 

Optimal plasmid concentrations were maintained for each species. Minigenomes with 

species-homologous UTRs as well as chimeric minigenomes containing a UTR from each 

species were compared. Details of chimeric minigenome construction are described in 

Chapter 3 and Figure 3.2. 

Quantification and Statistical Analysis 

All statistical analysis was performed using Prism (v. 9.1.2; GraphPad, San Diego, 

CA). For the exchange of polymerase complex proteins, each combination was compared 

to the complete, homologous system. For the comparison of heterologous and chimeric 

minigenomes, activity was compared to the homologous minigenome (3E5E for EBOV 

support plasmids, 3B5B for BDBV support plasmids). Analyses were completed using a t-

test for comparison of homologous minigenomes, or a one-way ANOVA followed by 
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Dunnett’s method adjusting alpha risk for multiple comparisons with an alpha level set at 

0.05 for comparison of polymerase complex protein exchanges and chimeric minigenomes. 

RESULTS 

Exchange of Polymerase Complex Proteins 

To determine if the proteins of the EBOV and BDBV polymerase complexes could 

interact, all combinations of polymerase complex proteins were examined for the ability to 

transcribe the minigenome 3B5B or 3E5E (Figure 4.1). VP30 was interchangeable between 

the systems and there was no significant difference in luciferase activity when this protein 

was exchanged (Figure 4.1: column #2 v. #5). This interchangeability of VP30 held true 

for all combinations of the polymerase complex, regardless of the origins of the other 

proteins (Figure 4.1: columns #3 v. #4, #8 v. #9, #10 v. #13, #12 v. #15, #14 v. #16). 

The EBOV system was amenable to substitution of BDBV NP whereby addition of 

this protein significantly increased minigenome expression 2-fold (Figure 4.1A: column 

#2 v. #16). This increase in minigenome expression was also seen when both BDBV NP 

and VP30 were exchanged into the EBOV system (Figure 4.1A: column #14). In contrast, 

the presence of EBOV NP resulted in a significant decrease in minigenome expression to 

27% of maximum when used in the BDBV system (Figure 4.1B: column #2 v. #16). In all 

instances when BDBV NP was present there was a greater amount of luciferase activity 

compared to when EBOV NP was used, regardless of the other proteins (Figure 4.1A). This 

held true for both 3E5E with the optimal concentrations for EBOV and 3B5B with the 

optimal concentrations for BDBV. 
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Figure 4.1 Exchange of polymerase complex proteins 

Polymerase complex proteins were exchanged in the optimized EBOV (A) or BDBV (B) 
minigenome system. BDBV (B) and EBOV (Z) plasmids were exchanged at equal 
concentrations. The combination of plasmids used are shown on the x-axis. Each 
condition was tested in triplicate and results are shown as mean ± standard deviation. 
Results are expressed as perfect relative luminescence units (RLU) compared to column 
#2 which represents 100% activity. ns = non-significant, * p < 0.0001 when compared to 
column #2 by one-way ANOVA with Dunnett’s post-hoc analysis. Reproduced from 
Levine, et al 2021 with permission.125 
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The polymerase unit consisting of EBOV VP35 and L transcribed and replicated 

the minigenome 3E5E most efficiently (Figure 4.1A: columns #2, #5, #14, #16). When 

either or both components were substituted by the BDBV protein, a significant reduction 

in minigenome activity was observed. The 3B5B minigenome, though, was most 

efficiently transcribed and replicated when the system contained NP, VP35, and L from 

BDBV (Figure 4.1B: columns #2 & #5). Although all combinations of the polymerase 

complex proteins had some functionality, most produced less than 40% activity compared 

to the complete systems, indicating that the compatibility between species is limited to 

specific proteins and their interactions with the rest of the polymerase complex. 

Recognition of Related Minigenomes 

Besides the efficiency of the polymerase complex, another mechanism for the 

observed differences in growth kinetics between EBOV and BDBV could be variations in 

the transcription and replication signaling components located in the 3’- and 5’- UTR. The 

ability of the EBOV polymerase complex to transcribe and replicate the minigenome 

containing the 3’- and 5’-UTRs from BDBV, and vice-versa, were tested. BSR-T7/5 cells 

were transfected with the complete polymerase complex of either BDBV or EBOV and the 

heterologous minigenome. Samples were collected 48h post-transfection and luciferase 

activity was measured. The EBOV polymerase complex was able to transcribe and 

replicate the minigenome 3B5B but there was a statistically significant decrease in 

minigenome expression compared to the 3E5E minigenome to 51% maximum activity 

(Figure 4.2A, p = 0.0002). The BDBV polymerase complex was able to transcribe and 

replicate the minigenome 3E5E but, similarly to EBOV, there was a statistically significant 
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decrease in minigenome expression compared to the 3B5B minigenome to 40% maximum 

activity (Figure 4.2B, p < 0.0001). These results are in contrast to what was observed when 

the polymerase complex proteins were exchanged which showed a decrease in minigenome 

activity to 25% or less compared to the complete system (Figure 4.1A,B column #17). This 

further emphasizes the need for an optimal ratio of the polymerase complex proteins. These 

results show that both the EBOV and BDBV polymerase complexes can recognize and 

transcribe a minigenome from another ebolavirus species, albeit to a lower efficiency. 
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A B

Figure 4.2 Transcription of related minigenomes 

Minigenomes 3E5E (red) and 3B5B (blue) were used with the optimized concentrations 
of support plasmids for the EBOV (A) or BDBV (B) minigenome system. Comparisons 
were made using a t-test. Each condition was tested in triplicate and is graphed as mean ± 
standard deviation. Results are expressed as percent relative luminescence units (RLU) 
compared to the complete system with the homologous minigenome representing 100%. 
*** p < 0.001; **** p < 0.0001. Reproduced from Levine, et al 2021 with permission.125 
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Recognition of Chimeric Minigenomes 

Based on the results examining replication and transcription of the heterologous 

minigenome it was of interest to test if the decrease in minigenome reporter activity was 

due to differences in either the 3’-UTR, the 5’-UTR, or both. The minigenome system 

allows for manipulation of the genomic ends to study the role of untranslated regions in 

transcription and replication. Chimeric minigenomes containing the 3’-leader of EBOV 

and the 5’-trailer of BDBV (3E5B) or the 3’-leader of BDBV and 5’-trailer of EBOV 

(3B5E) were used (Figure 3.2). The support plasmids were transfected with the optimized 

concentration for each system along with the minigenome under study. Luciferase activity 

was measured 48 h post-transfection and compared to the system containing plasmids from 

a single species. 

The EBOV polymerase complex was able to recognize both the 3E5B and 3B5E 

chimeric minigenomes. The chimera containing the BDBV trailer 3E5B was recognized, 

but at a significantly reduced level of 54% maximal activity (Figure 4.3A, p = 0.0002). 

Interestingly, the chimera 3B5E, containing the BDBV leader, resulted in a significantly 

higher level of luciferase activity, 125% maximal activity (Figure 4.3A, p = 0.0110). The 

BDBV polymerase complex was also able to recognize both chimeric minigenomes, 

although expression was significantly lower than the homologous minigenome. The 

chimera 3B5E resulted in 77% maximal activity (p = 0.0053) and the 3E5B chimera 

resulted in 57% maximal activity (p < 0.0001) (Figure 4.3B). These results point to 

potential regulatory mechanisms within the leader and trailer regions that can influence 

genome transcription and replication that are distinct between EBOV and BDBV. 
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Figure 4.3 Recognition of chimeric minigenomes 

Chimeric minigenomes 3E5B (green) and 3B5E (purple) were used with the optimized 
concentrations of polymerase complex proteins for either EBOV (A) or BDBV (B). 
Comparisons were made using a one-way ANOVA with Dunnett’s post-hoc analysis. 
Each condition was tested in triplicate and graphed as mean ± standard deviation. Results 
are expressed as percent relative luminescence units (RLU) compared to the complete 
system with the homologous minigenome which represents 100%. * p < 0.05; ** p < 
0.01; *** p < 0.001; **** p < 0.0001. MG = minigenome. Reproduced from Levine, et al 
2021 with permission.125 
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Interaction of BDBV NP and Untranslated Regions 

NP and the genomic UTRs had differential effects depending on which system they 

were used. Regardless of the origin of the other polymerase complex proteins, the presence 

of BDBV NP resulted in an increase in the amount of luciferase activity. The untranslated 

regions also had a significant effect on minigenome output, with directionality of this 

impact dependent on which species the other support plasmids came from. Since NP 

interacts directly with the viral RNA and acts as a ‘gate-keeper’ for polymerase activity we 

tested if there would be an interaction effect between these two components. Specifically, 

would the presence of BDBV NP modify minigenome transcription and replication 

differently based on the UTR. As expected, the same overall trends were observed for NP 

and the UTRs (Figure 4.4). That is, the use of BDBV NP increased minigenome activity 

regardless of the system used, and the impact of the UTRs was the same as observed in 

Figure 4.1. In the context of the EBOV system, the presence of BDBV NP increased the 

luciferase activity 2.0 - 2.8 times that of when EBOV NP was used (Figure 4.4A). For the 

BDBV system, BDBV NP resulted in an increase 1.9 - 6.5 times that of when EBOV NP 

was used (Figure 4.4B). In the EBOV system, as reported earlier, use of 3B5E resulted in 

a significant increase in minigenome activity whereas 3E5B and 3B5B resulted in a 

significant decrease in activity (Figure 4.4A). For the BDBV system, use of both chimeric 

minigenomes and the 3E5E minigenome resulted in a decrease in activity (Figure 4.4B). 

Interestingly, there appears to be a synergistic effect between NP and the UTRs, that is, the 

increase or decrease in minigenome activity cannot be explained by the additive effects of 

each component when used individually. This interaction is worth further examination in 

the context of full-length virus. 
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Figure 4.4 Interaction of NP and genomic leader and trailer regions 

The polymerase complex protein NP was exchanged in combination with the 
homologous and chimeric minigenomes in the context of the (A) EBOV or (B) BDBV 
minigenome systems. All plasmids were used at the pre-determined optimal 
concentrations. A t-test was conducted for each minigenome construct and is graphed as 
mean ± standard deviation. ns = non-significant; **** p < 0.0001. 
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DISCUSSION 

There are several possible reasons why viral species may grow differently under 

similar circumstances: variations in receptor binding affinity, ability to evade detection by 

immune sensors, or overall capacity to synthesize RNA. In the case of the ebolaviruses 

EBOV and BDBV, there does not appear to be any major differences in receptor binding 

or immune evasion mechanisms; however, there does appear to be a difference in 

replicative capacity. We sought to examine if the proteins that make up the polymerase 

complex and differences in the untranslated regulatory signals contribute to the overall 

efficiency of genome transcription and replication. Results from this study indicate that 

VP30 is interchangeable between the two species, BDBV NP is compatible with the rest 

of the EBOV polymerase complex, and that both complexes can recognize the leader and 

trailer regions from the other species. 

VP30 has several functions that are key to viral growth including initiating read 

through at the RNA start/stop stem-loops and mediating the switch from transcription to 

replication. It is interesting that VP30 was interchangeable between EBOV and BDBV. 

While a similar effect was seen for the exchange of EBOV and RESTV VP30, the 

interchangeability was unidirectional: RESTV VP30 resulted in no significant change in 

the EBOV system, but EBOV VP30 decreased minigenome activity to about 50% in the 

RESTV system.122 The VP30 C-terminal domain which interacts with NP is fairly 

conserved between EBOV and BDBV, while the VP30 binding domain on NP is less well-

conserved between species.48,127 Looking solely at luciferase production we can assume that 

VP30 from either species is capable of recognizing the RNA secondary structure in the 3’-

UTR of both EBOV and BDBV and that VP30 from both species can functionally interact 

with NP and VP35 from the other species. Since the minigenome system uses luciferase 

production as a read-out it is difficult to tease apart differences in viral transcription versus 

replication. To determine if there are differences specifically in replication when VP30 is 
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exchanged, future experiments can quantify RNA species either by Northern blot, RT-

qPCR, or RNA-sequencing. 

While VP30 was interchangeable between species, the NP proteins had very 

specific effects. BDBV NP showed a significant benefit in transcriptional efficiency when 

used in the EBOV polymerase complex and the use of EBOV NP was detrimental to the 

transcriptional activity of the BDBV polymerase complex. NP is a central component in 

viral RNA synthesis as it interacts with the RNA, VP35, and VP30. Any variations between 

these binding sites (NP-RNA, NP-VP35, or NP-VP30) could have a substantial effect on 

polymerase activity. Since VP30 was determined to be interchangeable between the two 

minigenome systems regardless of the origin of the NP plasmid, it is unlikely that the NP-

VP30 interaction played a role in the enhanced minigenome activity. There are no 

differences in the RNA binding site of NP between EBOV and BDBV, although more 

distant residues could affect this interaction. Therefore, it is plausible that the NP-VP35 

interaction is different between EBOV and BDBV and that this interaction resulted in the 

observed changes in minigenome activity. 

The interaction of NP with viral RNA appears to be highly regulated by the 

interaction of NP with VP35. Specifically, binding of NP to the NPBP of VP35 inhibits NP 

from binding to RNA.39,40 This inhibition has an indirect effect in which NPBP bound NP 

is prevented from oligomerizing and binding RNA.40 The N- and C-terminal residues 

(amino acids 20 - 38 and 356 - 381, respectively) involved in NP oligomerization are 100% 

identical between EBOV and BDBV suggesting both species oligomerize in a similar 

fashion.40 The NPBP, however, does show variation between EBOV and BDBV which 

could result in different binding affinities to NP. It is suggested that there is a yet to be 

defined process which results in the dissociation of NP from VP35 so that it can 

oligomerize and associate with viral RNA.40 Different binding affinities between NP and 

the NPBP of VP35 could yield a faster/slower dissociation time resulting in changes in 

polymerase activity. A comparison of binding and minigenome activity in the context of 
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EBOV shows that mutations resulting in a lower KD (higher affinity) result in an increase 

in minigenome activity.40 Taking this into consideration, a hypothesis that can be drawn 

from the results in this chapter is that BDBV NP has a high binding affinity to the NPBP 

of EBOV VP35. This could result in NP persisting in VP35 bound state leaving the RNA 

accessible for the viral polymerase L and increasing RNA synthesis.   

In addition to the polymerase complex proteins, there are several regulatory 

domains within the untranslated leader and trailer portions of the ebolavirus genomes. As 

would be expected, both polymerase complexes were able to recognize and transcribe the 

minigenome from a related ebolavirus species as has been reported for RESTV and 

EBOV.122 The RESTV polymerase complex had a reduction to 20% activity when the 

minigenome 3E5E was used.122 This result is similar to the findings here where there was 

a reduction to 40% activity when the 3E5E minigenome was used as a template for the 

BDBV polymerase complex. In the case of the EBOV polymerase complex, the 

minigenome 3R5R was transcribed as efficiently as the species homologous minigenome 

3E5E.122 This result is in contrast to what was observed here: there was a 50% reduction in 

activity when the 3B5B minigenome was used as a template for the EBOV polymerase 

complex. This result could indicate that either the EBOV polymerase complex was unable 

to recognize the BDBV leader region as efficiently or there is a signal in the BDBV UTRs 

resulting in an abatement of transcription and/or replication. 

When examining the influence of the leader and trailer regions individually using 

chimeric minigenomes, there was a clear difference in compatibility for each species. 

These experiments indicated that the presence of the BDBV 3’-UTR rather than the EBOV 

3’-UTR resulted in enhanced transcription by both polymerase complexes. There are 

several 3’-UTR sequences and structures that are critical for genome transcription (Figure 

4.5).128 The first region is the leading 3 - 4 nucleotides which are unique for each filovirus 

genera (GCCU for ebolaviruses, UCU for MARV).120 Neither EBOV nor MARV can 

recognize the sequence from the other genus.120 Interestingly, the bat filovirus LLOV is 
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able to recognize a minigenome containing the leading nucleotides from EBOV but not 

from MARV.120 The first 17 nucleotides are identical between EBOV and BDBV and so 

this region is not expected to play a role in the enhancement of activity seen when the 

BDBV 3’-UTR was used (Figure 4.5). 

The next region that plays a role in transcription initiation is the formation of two 

RNA hairpin structures. The first hairpin is made up of the first 45 nucleotides and the 

second, containing the NP gene start signal, is made up of nucleotides 56 - 78 (Figure 4.5). 

The second hairpin is necessary for VP30 dependent transcription.106,110 There are several 

nucleotides which are different between EBOV and BDBV in these two structures, but the 

majority of these occur within the loops and are unlikely to result in any changes to the 

hairpin structures. In addition, the NP gene start signal is identical across all known 

ebolaviruses and varies by one nucleotide from MARV and LLOV.120 

The final transcriptional signaling element is a series of UN5 hexamers located just 

downstream of the NP gene start signal with the first repeat at nucleotide 81-86 (Figure 

4.5). Previous work determined that a minimum of three adjacent UN5 repeats were 

necessary for efficient transcription and replication and that the presence of more UN5 

hexamers may lead to increased transcription and replication.106 Whether or not more UN5 

repeats is beneficial is still to be determined. Results from the experiments shown here as 

well as previous published data suggest that 5 UN5 repeats appears to result in minigenome 

activity greater than that of the wildtype EBOV control with eight hexamers.106 Although 

other data contrasts this showing that extension of the UN5 repeats into the preceding 

hairpin results in increased activity.129 All of these studies were completed using 

minigenome systems and so whether or not the number of hexamer repeats will affect full-

length viral replication would need to be examined.
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Figure 4.5 EBOV and BDBV 3'-UTR leader 

Alignment of the first 128 nucleotides of EBOV and BDBV which contains the 
transcription signal sequences including the initiation motif (blue), NP gene start signal 
(purple), and UN5 promoter repeats (boxed). Nucleotides which are different between 
species are marked in red. The BDBV nucleotides which differ in the hairpin structure 
are annotated to the outside of the structure. Image created by Corri B. Levine using 
VARNA v. 3.9.128 Reproduced from Levine, et al 2021 with permission.125 
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Another mechanism for the overall reduction in viral replication seen for BDBV 

compared to EBOV could be due to differences in the 5’-UTR, or trailer region. The 

minigenomes containing the BDBV 5’-UTR (3B5B and 3E5B) had the greatest reduction 

in minigenome activity when the EBOV polymerase complex was used (50% maximal 

activity). Whether this is due to an incompatibility of the EBOV polymerase complex with 

this region or the presence/absence of an important signaling sequence remains to be 

determined. It is possible that a positive regulatory signal is lacking in the BDBV trailer 

resulting in a diminished replicative capacity. The trailer region plays a role in viral genome 

replication and is quite variable between these two species (Figure 4.6). RNA secondary 

structure predictions indicate an intricate folding pattern in the EBOV trailer.130 It is unclear 

if these RNA structures specifically direct genome replication but based on the vast 

difference between EBOV and BDBV trailer sequences, it is expected that the folding 

patterns would be different between the two species. In addition, it is predicted that the 

trailer region could form a panhandle with the genomic leader region during replication. If 

this were the case, the structure beyond the first 15 nucleotides would likely be different 

between EBOV and BDBV due to mismatches introduced in the BDBV genome, both in 

the leader and trailer regions. 

Finally, variations in the trailer region could influence interactions with host cell 

proteins that are necessary for genome replication. In the EBOV trailer, three 5’-AUUUA-

3’ motifs have been identified as binding sites for the heat-shock cognate protein family A 

member 8 (HSPA8).114 The BDBV trailer contains four AUUUA motifs compared to the 

three of EBOV, but it is unknown if these motifs are accessible to binding by HSPA8. 

Characterization of the HSPA8 motif 1 showed that an AàU substitution at the 3’ end of 

this motif resulted in a significant decrease in EBOV minigenome activity.114 Interestingly, 

the BDBV sequence corresponding to the EBOV HSP8A motif 1 is off-set by one 

nucleotide, and contains the AàU nucleotide substitution shown to result in diminished 

minigenome activity (Figure 4.6). The role of this sequence in BDBV replication can be 
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studied by introducing a complete motif of AUUUA in the BDBV trailer at nucleotides 

18,912 – 18,916 and measuring minigenome activity and viral growth kinetics. 

Overall, the data shown in this chapter indicate that there are several compatibilities 

between the EBOV and BDBV polymerase complexes and untranslated regions, as well as 

several incompatibilities. We had hypothesized that the BDBV polymerase complex 

proteins would have a negative effect when used with the EBOV system. This was 

observed for VP35 and L, but surprisingly an enhancement in activity was seen when 

BDBV NP was used. In addition, we hypothesized that the EBOV polymerase complex 

proteins would enhance the BDBV system, but instead we found that NP, VP35, and L 

from EBOV all decreased the function of the BDBV polymerase complex. Also contrary 

to our predictions, inclusion of the BDBV leader with the EBOV trailer resulted in 

increased minigenome production within the EBOV system, while both EBOV UTRs 

resulted in decreased production in the BDBV system. A better understanding of the 

features which are unique to BDBV and result in a diminished replicative capacity will 

inform new therapeutic targets. For example, if the AàU substitution in the HSPA8 motif 

1 in the BDBV trailer limits replication, then a drug candidate which blocks these 

interactions may prevent uncontrolled replication of EBOV. A similar targeted approach 

could be used to disrupt the interaction of NP and VP35 which appears to have a great 

effect on the transcriptional and replicative capacities. Future studies should focus on 

examining the impact of these binding sites and regulatory motifs in context of full-length 

virus.
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Figure 4.6 Alignment of EBOV and BDBV 5'-UTR trailer 

Alignment of the untranslated trailer region of EBOV and BDBV beginning after the L 
gene stop signal. Nucleotides which are different between species are marked in red. 
Presumptive HSPA8 motifs are boxed and motifs 1, 2, and 3 are labeled. Underlined 
sequence shows possible BDBV HSPA8 motif 1 with AàU substitution. Reproduced 
from Levine, et al 2021 with permission.125 
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Chapter 5: In Vitro Efficacy of Small Molecule Inhibitors Against 

Bundibugyo and Zaire ebolaviruses 

INTRODUCTION 

Antiviral therapies have long been sought after as a means of reducing the global 

burden of viral disease; unfortunately, the concept is simpler than the reality. Antiviral 

therapies are typically targeted to specific activities involved in viral replication, but many 

of these activities are carried out by or mimic normal cellular processes. Antiviral drugs 

can be helicase inhibitors, polymerase inhibitors such as nucleoside analogs, pump 

inhibitors, and inhibitors of other enzymatic processes.131 The rapid speed of viral 

replication also provides an opportunity for select mutations to become dominant, which 

may result in resistance to the antiviral therapy.132 To date, the majority of anti-viral 

therapies are used to combat DNA viruses (herpes simplex, hepatitis B virus, 

cytomegalovirus) and retroviruses (HIV) as these have a high global burden of disease. 

Antivirals for RNA virus have been more elusive, but a few are available, mostly for 

common and widespread infections such as influenza, respiratory syncytial virus, hepatitis 

C, HIV, and coronaviruses.131,133-135 

Clinical efforts to find an antiviral small molecule inhibitor for the treatment of 

high-consequence pathogens such as ebolaviruses has typically been limited to small trials 

of under 100 subjects, with only a few trials enrolling between 400-600 subjects.136-140 

Because of the highly infectious nature of the disease and the limited number of cases and 

outbreaks the majority of testing occurs in in vitro and in vivo models. Thorough pre-

clinical testing is necessary so that the top candidates can be at the ready for when cases 
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emerge, and outbreaks occur. These candidates can move forward as clinical therapeutics 

through the FDA Animal Rule (21 CFR 314.600-650) in which pre-clinical in vivo testing 

is used to demonstrate efficacy when field trials are not possible or ethical. 

Recent work screening libraries of small-molecule inhibitors, some of which 

include FDA-approved compounds, have provided numerous candidates for anti-EBOV 

therapy.121,141-147 As outbreaks of BDBV and EBOV overlap geographically, it is important 

that the utility of these candidates for treatment of both viruses be examined. Therefore, 

we selected five candidate molecules from the literature for testing against EBOV and 

BDBV replication: remdesivir (GS-5734), tenofovir, zidovudine (AZT), cidofovir, and 

tolcapone. These candidate molecules were selected based on previous reports of anti-

EBOV activity and whether the compound had a 50% inhibitory concentration (IC50) that 

would be biologically relevant based on pharmacokinetic studies. That is, the concentration 

necessary to inhibit viral replication by 50% must be achievable in vivo. Only one of these 

molecules has been tested in the context of BDBV infection and it was of interest to 

determine if an effect similar to that seen against EBOV would be observed for the other 

candidates. 

The first candidate, remdesivir, is an adenosine nucleoside analog and has been 

tested specifically in the treatment of EVD. It selectively inhibits RdRp activity through a 

mechanism of delayed chain termination.148,149 In macrophages and liver cells, the IC50 

against EBOV was 86 nM and 70 nM, respectively.146,150 Twelve-day treatments by 

intravenous administration conferred protection when treatment was initiated within three 

days of infection in a rhesus macaque model of EVD.149 Safety testing in humans has been 

shown in the context of both EVD and hospitalized cases of coronavirus disease 2019 
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(COVID-19).135,136,151 The major safety concern is in the context of renal impairment, but 

for Ebola disease the potential benefit of treatment often outweighs the risks. A clinical 

trial of remdesivir for EVD was carried out in the DRC during a 2018 outbreak and showed 

a survival benefit similar to that of the antibody therapy ZMapp.136 

Tenofovir and zidovudine are nucleoside analogs of adenosine and thymidine, 

respectively, and are FDA approved for the treatment of HIV. These two drugs have been 

tested using EBOV transcription- and replication-competent VLP (trVLP) systems, which 

consist of plasmids encoding all of the viral genes along with a minigenome containing a 

reporter. A combination treatment of tenofovir, zidovudine, and lamivudine significantly 

reduced luciferase activity from transfected cells, even when administered 24 hours after 

transfection. Inhibition was also achieved when the drugs were used individually with an 

IC50 = 0.981 µM for tenofovir and IC50 = 4.197 µM for zidovudine. When the IC50 for each 

compound was added 24 hours after transfection, the number of copies of both negative-

sense and positive-sense RNA, as determined by RT-qPCR, was significantly reduced 

compared to control.143 These two drugs, however, have not been tested in the context of a 

live virus nor have they been tested against BDBV. 

Cidofovir is a nucleoside analog of cytidine with FDA approval for the treatment 

of cytomegalovirus retinitis. It has shown in vitro efficacy against other DNA viruses 

including herpesviruses, adenovirus, and poxvirus, but limited testing has been completed 

against RNA viruses.152 In silico binding studies indicate that cidofovir is capable of 

binding in the 2’-O-Methyltransferase domain of EBOV L.142 In vitro analysis shows that 

cidofovir can inhibit VLP formation in a trVLP system when added up to 24 hours post-

transfection.143 In this system, the IC50 was determined to be 7.760 µM with no cytotoxic 
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activity at this concentration. An orally bioavailable version of cidofovir, Brincidofovir, 

was tested in four patients with EVD in 2015 but due to the limited number of subjects no 

conclusive results on efficacy could be determined.153  

Tolcapone is a catechol-O-methyltransferase inhibitor that is prescribed for the 

treatment of Parkinson’s disease.154 It has a relatively short half-life and is reversible so 

the risks of long-term off-target effects are low. Tolcapone was identified to inhibit the 

interaction between EBOV NP and VP35.144 This interaction is crucial for EBOV 

replication and transcription, which cannot occur if these two proteins are blocked from 

interacting. Tolcapone was found to competitively inhibit the binding of the NPBP on 

EBOV VP35 to the N-terminal domain of EBOV NP in a dose-dependent manner, but it is 

unknown if the same binding affinity will occur with other ebolaviruses.144 Tolcapone was 

also tested against a recombinant EBOV expressing GFP, and, at a concentration of 10 µM, 

it significantly inhibited viral replication using an MOI of 0.01 and 2.144 

This chapter details screening of the five drug candidates using the minigenome 

systems discussed in Chapter 3 and further testing of the most promising candidate, 

remdesivir, in BSL-4 against authentic BDBV and EBOV. The experiments here 

specifically test the utility of a delayed treatment, whereas previous studies have looked 

primarily at pre-treatment. We hypothesized that the selected small-molecule compounds 

would have a similar or greater effect against BDBV compared to EBOV in the context of 

both the minigenome and viral infection because of the delayed growth kinetics of BDBV. 
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METHODS 

Small Molecule Inhibitors 

Zidovudine, tenofovir, cidofovir, and tolcapone were manufactured by Selleck 

Chemicals. Remdesivir was manufactured by MedChem Express. All compounds were 

reconstituted in dimethyl sulfoxide (DMSO) except for cidofovir which was reconstituted 

in sterile water, per manufacturer’s instructions. Compounds were diluted to the desired 

concentration in complete medium prior to treatment. A vehicle control (VC) treatment of 

either DMSO (remdesivir, zidovudine, tenofovir, and tolcapone) or water (cidofovir) was 

used in every experiment. 

Cell Culture 

BSR-T7/5 cells were used for minigenome experiments and were maintained in 

cDMEM (with the addition of the geneticin every other passage to maintain selection of 

the T7 polymerase. For transfection experiments, cells were plated in 6-well tissue culture 

treated plates at a density of 4 x 105 cells/well.  

The HepG2 liver-derived cell line was used for viral infection assays. HepG2 cells 

were maintained in complete cEMEM in T-150 flasks at 37°C in 5% CO2. For experiments, 

cells were plated on 24-well plates at a density of 5 x 105 cells per well. Once a confluent 

monolayer was reached, cells were transferred into the BSL-4 for inoculation. 

Vero E6 cells were used for titering of all samples. Cells were maintained in 

cEMEM in T-150 flasks at 37°C in 5% CO2. Once a confluent monolayer was reached, 

cells were transferred into the BSL-4 for titrations. 
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Virus Isolates 

A laboratory seed stock of Zaire ebolavirus strain Mayinga was grown from the 

serum of a fatal human case in 1976 in the Democratic Republic of the Congo (Zaire 

ebolavirus/H.sapiens-tc/COD/1976/Yambuku-Mayinga, accession number NC_002549) 

and passaged twice in authenticated Vero E6 cells.90,91 This strain was used to best 

translate results from the minigenome experiments as the EBOV minigenome system was 

built using the EBOV strain Mayinga sequence. 

A laboratory seed stock of Bundibugyo ebolavirus was grown from the serum of a 

2007 fatal human case in Uganda (Bundibugyo virus/H. Sapiens-tc-

UGA/2007/Bundibugyo-200706291, accession number KU182911) and passaged twice 

in authenticated Vero E6 cells.28,76,92 

Toxicity Testing 

Metabolic activity was assessed in both BSR-T7/5 cells and HepG2 cells to 

determine cytotoxicity of remdesivir. For both cell lines, 5 x 104 cells were plated per well 

in a 96-well plate. A 2-fold dilution series from 100 µM to 0.4 µM was added to wells 24 

h after plating. An MTT cell proliferation assay (Promega) was carried out 48 h after 

treatment for BSR-T7/5 cells and 120 h after treatment for HepG2 cells, to match 

incubation times from the minigenome and full-length virus inhibition assays. DMSO was 

used as a VC and set to represent 100% viability. 
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Drug Treatment using Minigenome 

Minigenome assays were carried out as described in Chapter 3. Briefly, 6-well 

plates were seeded with BSR-T7/5 cells and transfected with plasmids encoding the NP, 

VP35, VP30, and L proteins of either EBOV or BDBV and the corresponding minigenome 

construct. As a negative control, one set of wells was transfected without the L plasmid. 

Compounds were tested using a 2-fold dilution series from 0.4 µM - 100 µM. Media only 

and VC wells were used for each compound tested with the VC well representing 0% 

inhibition. Compounds were added to wells either 1-, 12-, or 24-hours post-transfection 

(hpt). Samples from all conditions were collected in passive lysis buffer 48 hpt for analysis 

by luciferase assay as described in Chapter 3.  

Drug Treatment using Live Virus 

HepG2 cells were plated as described in Chapter 2 and transferred to the BSL-4 for 

infection. A multiplicity of infection (MOI) of 0.1 was used for measuring growth kinetics 

in the presence of remdesivir. This MOI was chosen to ensure multiple rounds of infection 

as would be observed in vivo. To inoculate, media was removed from all wells and 150 µL 

of inoculum in serum free media was added to each well. Plates were incubated at 37°C in 

5% CO2 for 1 h with gentle rocking every 15 m. After 1 h, wells were washed five times 

with PBS to ensure removal of unattached virions. After the final wash, 500 µL complete 

media with the appropriate concentration of remdesivir was added. To determine the 90% 

inhibitory concentration (IC90), remdesivir was diluted 2-fold using a range of 0.98nm - 1 

µM. To measure viral growth in the context of a single treatment, supernatant was collected 

at the final timepoint of 120 hpi. To measure growth kinetics in the context of continuous 
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treatment, 100 µL supernatant was removed at 1, 24, 48, 72, 96, and 120 hpi and replaced 

with a 5X solution of fresh drug to maintain the desired concentration. 

 

RESULTS 

Toxicity Testing 

Toxicity testing was completed to determine any cytotoxic effects remdesivir may 

have in the cell types tested (BSR-T7/5 and HepG2). To match experiments measuring 

inhibition of the minigenome system or authentic virus, a single dose was added to each 

well 24 h after plating. An MTT assay which measures cellular metabolic activity was 

carried out 48 h after treatment for the BSR-T7/5 cells and 120 h after treatment for the 

HepG2 cells. In the BSR-T7/5 cells, a reduction in metabolic activity to 88% of VC was 

only observed at the highest concentration of 100 µM (Figure 5.1A). For the HepG2 cells, 

there was a reduction in metabolic activity when remdesivir concentrations were greater 

than 3.13 µM, with a reduction in metabolic activity to 70%, 56%, and 40% of VC for 12.5 

µM, 25 µM, and 50 µM, respectively (Figure 5.1B).  
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Figure 5.1 Cell viability with remdesivir treatment 

Cell viability was determined by measuring metabolic activity in (A) BSR-T7/5 cells 
after 48 h and (B) HepG2 cells after 120 h. DMSO was used as VC and set to represent 
100% viability.  
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Inhibitory Effects of Select Small Molecules on Minigenome Activity 

The purpose of the following studies was to specifically test the effects of post-

transfection treatment and determine if delayed treatment would still have an inhibitory 

effect on minigenome transcription and replication. Using the EBOV and BDBV 

minigenomes described in Chapter 3, zidovudine (AZT), tenofovir, cidofovir, tolcapone, 

and remdesivir were tested for the ability to inhibit polymerase complex activity. An upper 

concentration limit of 100 µM was chosen, and serial 2-fold dilutions were used to generate 

an inhibition curve. Three timepoints were chosen for the initiation of treatment in the 

minigenome system: 1, 12, and 24 hpt. These timepoints were chosen to gauge inhibition 

of first round transcription (1 hpt), early transcription (12 hpt), and late transcription and 

replication (24 hpt). Zidovudine, tenofovir, cidofovir, and tolcapone all showed no 

inhibitory effect on minigenome activity regardless of the concentration used or the timing 

of treatment when compared to vehicle control (Figure 5.2A-L). 

Interestingly, there was a spike in measured luciferase activity at the lowest 

concentrations of zidovudine and tenofovir and across all concentrations for tolcapone. 

This was not seen with cidofovir. Zidovudine, tenofovir, and tolcapone were solubilized in 

DMSO whereas cidofovir was solubilized in water. It is possible that the DMSO VC had a 

cytotoxic effect resulting in the appearance of increased activity for the lower doses that 

don’t contain as much DMSO. The final concentration of DMSO for the VC wells was 1% 

for zidovudine and tenofovir and 2% for tolcapone. 

Remdesivir was the one compound which showed both a time and concentration 

dependent inhibitory effect on minigenome activity for both EBOV and BDBV (Figure 

5.2M-O). The effect of remdesivir when initiated at a later timepoint post-transfection 
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showed that the BDBV minigenome system was more susceptible than EBOV. Inhibition 

curves were uniform between species when treatment was administered 1 hpt (Figure 

5.2M). When treatment was delayed to 12 hpt (Figure 5.2N) and 24 hpt (Figure 5.2O), a 

clear separation of the inhibition curves could be seen between species, especially in 

context of 24 hpt delayed treatment. Remdesivir was just as effective at inhibiting BDBV 

minigenome activity when treatment was delayed while only higher concentrations 

inhibited EBOV minigenome activity. As with some of the other compounds tested, there 

appeared to be an increase in minigenome activity when lower concentrations were used, 

and the final concentration of DMSO for the VC well was 2%. Interestingly, with the 12 

and 24 hpt treatments, this spike in activity with low concentrations was only observed for 

the EBOV minigenome system and all concentrations had at least some inhibitory effect 

on the BDBV minigenome system. Based on these results it was decided to test the efficacy 

of a delayed treatment with remdesivir in the context of viral infection. 
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Figure 5.2 Small molecule inhibition of EBOV and BDBV minigenome systems 

Minigenome activity for EBOV (red) and BDBV (blue) was assessed after treatment with 
small molecule inhibitors zidovudine (A-C), tenofovir (D-F), cidofovir (G-I), tolcapone 
(J-L), and remdesivir (M-O). Compounds were added either 1-, 12-, or 24-hours post-
transfection and luciferase activity was measured 48 h post-transfection. A vehicle only 
control was set to represent 100% minigenome activity. 
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Single Treatment Effect on Viral Replication 

  It was of interest to compare the results in the minigenome system in the context of 

viral infection to determine if the minigenome system offers an approximation of in vitro 

effectivity. To do so, three concentrations which showed a range of inhibition in both 

minigenome systems across treatment timepoints were chosen for testing: 12.5 µM, 25 µM, 

and 50 µM. Treatment timepoints were selected to match those from the minigenome: 1 

hpi to inhibit the first round of transcription, 24 hpi to inhibit the early increase of 

transcription, and 48 hpi to inhibit late transcription and genome replication. As with the 

minigenome experiments, a single dose of remdesivir was given at the specified timepoint 

post-infection. Five days post-infection, samples were collected for endpoint titering. 

It was found that all concentrations of remdesivir completely inhibited both EBOV 

and BDBV viral growth below the lower limit of detection (LLOD) when a single treatment 

was initiated 1 hpi (Figure 5.3). When treatment was delayed to either 24 or 48 hpi, no 

inhibition was observed for either virus (Figure 5.3). This contrasts with the results 

obtained in the minigenome system where all concentrations of remdesivir had a least some 

inhibitory effect on BDBV minigenome activity and concentrations of 50 µM and 100 µM 

inhibited EBOV minigenome activity even when administered 24 hpt. These results 

indicate that a single dose of remdesivir, above 10 µM, is ineffective at inhibiting ongoing 

viral transcription and replication in vitro. 
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Figure 5.3 Inhibition of EBOV and BDBV infection using a single dose of remdesivir 

A single treatment of remdesivir using a concentration of 12.5, 25, or 50 µM was added 
to wells 1-, 24-, or 48-hpi. Supernatant was collected 120 hpi, clarified and titered to 
determine treatment effects. Endpoint titers were compared to the DMSO VC by multiple 
t-tests. ns = not significant; * p < 0.05. 
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Titration of Remdesivir against Full-Length Virus 

Since the three concentrations chosen from the minigenome experiment were all 

fully effective in inhibiting viral growth when administered 1 hpi, it was of interest to 

determine the lowest dose that would be effective at this time point. To do so, a titration 

curve was completed for both EBOV and BDBV with samples collected 120 hpi (Figure 

5.4A). Remdesivir was titrated from 1 µM down to 0.98 nM and the IC90 was calculated 

using the final dose response curve (Figure 5.4B). Based on this experiment, viral growth 

inhibition was observed at all concentrations greater than 3.91 nM. The IC90 was 

determined to be 109.6 nM for BDBV and 284.1 nM for EBOV, that is, at these 

concentrations 90% of viral growth was inhibited. These concentrations were used for 

further testing of a delayed treatment with continuous drug replacement. 
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Figure 5.4 Titration of remdesivir in context of viral infection 

A 2-fold dilution series was tested for inhibitory effects against viral infection with 
EBOV (red) or BDBV (blue) with a single remdesivir treatment initiated 1 hpi. (A) Viral 
titers as determined by plaque assay. (B) Inhibitory effect with VC treatment representing 
no inhibition. Titers are graphed as mean ± standard deviation. Inhibition curve is 
graphed as mean ± SEM. Reproduced from Levine, et al 2021 with permission.125 
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Continuous Treatment Effect on Viral Replication & Growth 

As a substantial amount of viral transcription occurs within the first 24 hours after 

infection, it is not surprising that a concentration which worked when administered 1 hpi 

would not be as efficient when delayed. In order to inhibit this sustained transcription and 

replication, we tested if continuous replacement of remdesivir would have an observable 

effect. A previous study indicated that the intracellular half-life of the active metabolite of 

remdesivir is 14 – 24 h.149 Therefore, drug was replenished every 24 h to maintain a 

consistent concentration of the active metabolite within cells. Samples were collected 

immediately before treatment every 24 h. When cells were treated with the IC90, there was 

no difference compared to vehicle control at any timepoint sampled (Figure 5.5). These 

results show that substantial viral replication occurs within the first 24 h of infection that 

cannot be inhibited by concentrations that prove effective when started at 1 hpi. 
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Figure 5.5 Delayed continuous treatment with IC90 of remdesivir 

Remdesivir was used at the IC90 for each virus: 285 nM for EBOV (red) and 110 nM for 
BDBV (blue) Remdesivir treatment was initiated 24 hpi and fresh compound was 
replenished every 24 h as indicated by the symbol. Titers are shown as mean ± SEM. 
Reproduced from Levine, et al 2021 with permission.125 
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We next tested if a higher concentration of remdesivir replenished every 24 h could 

inhibit viral growth if treatment was delayed. To test this, a continuous treatment scheme 

was tested using remdesivir at concentrations of 12.5 µM, 25 µM, and 50 µM. A significant 

effect was seen at all timepoints 48 h after treatment was started for both EBOV and BDBV 

(Figure 5.6, 12.5 µM shown). There was minimal variation between the three 

concentrations suggesting that a saturating dose had been met. While there was a cytotoxic 

effect observed by MTT assay at these concentrations, this does not negate the effects of 

remdesivir on viral growth and replication at these concentrations. If the toxicity of 

remdesivir was the reason for reduced titers, then a difference would be expected between 

the three concentrations. Instead, the effect on viral titers were indistinguishable suggesting 

a direct effect on viral growth at concentrations above the saturating dose. The greatest 

effect was seen for BDBV when treatment was initiated 24 hpi. By 5 dpi, viral titers were 

reduced nearly to the LLOD (Figure 5.6A). A slight decrease in titer was also observed for 

BDBV when treatment was delayed 48 hpi but the same stark reduction was not visible at 

120 hpi (Figure 5.6B).  It is expected that for both the 24 and 48 hpi delayed treatment, 

BDBV titers would drop below the LLOD if the experiment were carried out past 120 hpi. 

For infection with EBOV, when treatment was delayed 24 hpi there was a significant 

reduction in viral titers compared to vehicle control. In contrast to BDBV, the EBOV titers 

plateaued rather than decreased over time (Figure 5.6C). When treatment was delayed 48 

hpi in the context of EBOV infection, titers were reduced a maximum of 1 log by the final 

collection timepoint of 120 hpi (Figure 5.6D). Based on these results, delayed treatment is 

more effective in the context of BDBV infection than EBOV infection, and in both cases 

the dose must be substantially higher than what would be effective at 1 hpi. 
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Figure 5.6 Delayed continuous treatment with a high concentration of remdesivir 

A concentration of 12.5 mM was used to test a delayed, continuous treatment against 
infection with BDBV (A,B) and EBOV (C,D). Remdesivir treatment was initiated 24 hpi 
(A,C) or 48 hpi (B,D) and replenished every 24 h as indicated by the symbol. Titers 
are shown as mean ± SEM. * p < 0.05 as determined by one-way ANOVA. 
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DISCUSSION 

 Finding suitable drug candidates for the treatment of high-consequence pathogens 

is a complicated process and requires careful planning before testing can occur with 

authentic virus. Tools, such as minigenome systems, which can be safely used outside of a 

high-containment facility provide a means to screen and select for promising candidates 

for more intricate testing in BSL-4. Remdesivir had previously shown benefit in vitro 

against both EBOV and BDBV and in vivo against EBOV. The experiments shown here 

built on this previous data to test the efficacy of a delayed remdesivir treatment. Remdesivir 

showed a modest effect against EBOV in both the minigenome system and against viral 

infection, while the effects against BDBV were much more pronounced. Based on the 

results of experiments in Chapter 2, it was expected that BDBV would be more sensitive 

to remdesivir than EBOV due to the delayed growth kinetics. This was observed in the 

minigenome system where a treatment delayed 24 hpt still inhibited BDBV minigenome 

activity. 

Previous studies have utilized a pre-treatment scheme or a treatment delay of 1 or 

2 h, therefore we sought to test a longer delay of 24 or 48 hpi. The reason for this is to 

mimic what would be expected clinically, as treatment is usually not sought until 

substantial viral replication has already taken place. It was encouraging to see a significant 

decrease in EBOV titers even when treatment was delayed 24 h, although the titers 

appeared to plateau rather than decrease. A similar, but less substantial drop in EBOV titers 

was also observed when treatment was delayed 48 h. This result may point to a reason 

behind the limited efficacy of remdesivir against EVD in clinical trials, especially in 

patients with a high viral load. The results presented here suggest that once a certain titer 
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is reached, remdesivir treatment can only control further transcription/replication and that 

ongoing replication continues unabated. This theory was further examined when looking 

at remdesivir treatment in the context of BDBV infection which grows slower and reaches 

lower titers. Delayed treatment initiated either 24 or 48 hpi resulted in not only a significant 

decrease in viral titers but a continuous decrease over time. At the time of treatment 

initiation, BDBV was consistently a log lower than EBOV. Based on this data, the in vitro 

threshold for effect is at approximately 104 PFU/mL. Future studies should investigate what 

this threshold would be in context of infection in an NHP model as well as in a clinical 

setting. 

 The effects of remdesivir observed in the minigenome system, coupled with the 

greater efficacy against BDBV infection, may offer clarification on the mechanism of 

remdesivir in inhibiting ebolavirus growth. As transcription is the primary viral process 

occurring in the minigenome system and the major process occurring early after infection, 

it is likely that remdesivir has the greatest impact in inhibiting transcription. This inhibition 

would have a large, cascading effect on the rest of the viral lifecycle: inhibition of 

transcription prevents production of proteins to assemble new polymerase complexes 

which results in further reduction in transcription and genome replication. The result would 

be a decrease in the production and release of new virions and infection of other cells would 

be slowed or halted. This appears to be the case with BDBV as seen by the gradual 

reduction in viral titer over time after remdesivir treatment is initiated. In the case of 

EBOV, it can be postulated that the assembly of new polymerase complexes and viral 

replication had already reached steady-state levels by 24 hpi and so, while the addition of 
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remdesivir inhibited transcription by newly formed polymerase complexes, those already 

performing genome replication continued without inhibition. 

 The results of this study point to a mechanism for the effectiveness of remdesivir 

early after infection. This mechanism is in the inhibition of viral transcription, thereby 

limiting further viral replication and virion production. Remdesivir may still be a viable 

treatment option for clinical cases of BDBV infection which has a slower growth rate in 

vitro and may therefore have a more limited growth capacity in vivo. In addition, the effect 

of remdesivir in moderating further EBOV growth may prove beneficial in the context of 

combination therapies. That is, while other therapeutics such as antibody therapies can 

prevent new virions from infecting cells, remdesivir can act on already infected cells and 

limit the production of new virions. This should be further investigated in in vivo models 

as has been done for the related MARV and should be considered for future clinical trials 

during ebolavirus outbreaks.155  
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Chapter 6: Discussion – Mechanism for Delayed Viral Growth Kinetics 

and Use of Remdesivir (GS-5734) in the treatment of Ebola disease 

ROLE OF THE POLYMERASE COMPLEX IN EBOLAVIRUS GROWTH KINETICS 

Filoviruses are known to cause severe and oftentimes fatal disease, but the spectrum 

of disease varies across the Ebolavirus genus; even within the outbreak causing species of 

EBOV, SUDV, and BDBV there is variability ranging from upwards of 90% lethality down 

to 25% lethality. The exact mechanism behind such a difference is still unknown; although, 

several hypotheses have been presented including differences in health care infrastructure, 

immune evasion capabilities, and molecular variations in viral growth. In regard to 

healthcare infrastructure, East and Central African countries showed no significant 

differences in CFR between outbreaks, meaning this is unlikely to be the sole reason 

between the species-specific CFRs.22 In addition, in vivo experiments using NHPs have 

shown a similar pattern of decreased lethality when comparing infections with EBOV to 

infections with BDBV.77,78,97 This is further examined in in vitro experiments showing 

decreased viral titers and slower growth kinetics for BDBV compared to EBOV.94 Previous 

studies have examined the possibility that BDBV has a diminished ability to block the host 

innate immune response. These studies were unable to show any difference in inhibitory 

capacity between the immune antagonist proteins of both species.88 Additionally, in cell 

lines with the innate immune signaling molecules RIG-I or STAT-2 knocked out, there was 

no difference in viral growth indicating that subversion of the immune response may not 

be the reason behind differences in viral growth (Versteeg, unpublished). 

Instead, it is possible that the observed differences are due to a diminished 

replicative capacity of BDBV. A less efficient polymerase complex would result in less 

transcription and replication of viral genes and genome. Any effects on transcription would 

have a cascading effect on the rest of the viral lifecycle including genome replication and 
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immune evasion. For instance, if the immune antagonists VP35 and VP24 were produced 

at lower levels, there is a higher chance of infection being detected by immune sensors. 

Along a similar line, the switch to genome replication is thought to occur only after a 

threshold is met for production of viral proteins. The longer it takes for proteins to be 

transcribed and translated, the longer it takes for genome replication and virion release. In 

turn, this delay in replication allows the host time to detect an infection and mount a robust 

response. While EBOV appears to grow quite rapidly and speed past these defenses, the 

slower growth of BDBV results in an infection that can be better controlled by the host. 

This dissertation addresses the hypothesis that molecular variations in the polymerase 

complex between the ebolaviruses EBOV and BDBV affect the replicative capacity. 

Specifically. that the polymerase complex of BDBV functions less efficiently than that of 

EBOV. 

Throughout this dissertation, EBOV and BDBV have been directly compared when 

looking at growth kinetics, synthesis of vRNA and mRNA, and susceptibility to inhibition 

by nucleoside analogs. In all cases, EBOV was more productive than BDBV. While the 

rate of production of infectious virions was similar between species, the rate of vRNA and 

mRNA production was increased for EBOV. In addition, more copies of EBOV VP35 and 

L mRNA were produced per genome compared to BDBV. As these two proteins are 

essential for viral RNA synthesis it is possible that increased concentrations of these 

proteins would further increase production of viral transcripts and vRNA. To further 

examine this process, a minigenome system was developed for BDBV so that the 

polymerase complexes could be studied in isolation. The BDBV minigenome system adds 

to the platforms available for studying ebolaviruses outside of a high containment 

laboratory. 

Using the newly designed BDBV minigenome system along with a previously 

established EBOV minigenome system, it was possible to directly compare the output of 

luciferase between the two polymerase complexes. Use of the EBOV polymerase 
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consistently produced more luciferase compared to BDBV even at optimized plasmid 

concentrations. This builds upon the data presented showing an increased production of 

transcripts and genome copies. In addition, the minigenome systems allowed us to mix-

and-match the proteins of the polymerase complex to determine the effects on RNA 

synthesis. We had hypothesized that BDBV proteins would reduce the amount of the 

minigenome reporter, luciferase that would be produced. Instead, it was found that when 

the BDBV NP was used with EBOV VP35 and L there was an increase in minigenome 

transcription. One possible mechanism for this result is a difference in binding affinities 

between EBOV and BDBV NP and the polymerase cofactor VP35. In this scenario, BDBV 

NP would have a greater binding affinity for EBOV VP35 resulting in the viral RNA being 

more accessible to the enzymatic subunit, L. This would allow for increased RNA synthesis 

and perhaps more rapid RNA synthesis. The exchange of VP35, L, or both had a 

detrimental effect on minigenome activity for both the EBOV and BDBV system. This is 

likely due to a less than optimal ratio of the various polymerase complex proteins as well 

as an incompatibility with the regulatory leader and trailer regions. 

Although replication was not directly measured in these experiments, it is 

interesting to note the variation in minigenome expression when different trailer sequences 

were utilized. Whenever the BDBV trailer was used as a template for the EBOV 

polymerase complex, there was a reduction in minigenome output. This could indicate a 

mechanism by which replication of BDBV genomes is hindered. This would account for 

the different rate of genome production observed in the course of viral infection. This could 

be investigated by quantifying the number of antigenome copies for homologous and 

chimeric minigenomes.  

Based on the results showing slower growth and transcription for BDBV compared 

to EBOV, it was expected that BDBV would be more susceptible to inhibition by a 

nucleoside analog. Of all compounds tested, only remdesivir proved effective at limiting 

BDBV minigenome activity. Not only was remdesivir effective at limiting minigenome 
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transcription, but the effect was still observed when treatment was delayed, which was not 

seen with the EBOV polymerase complex. These results were confirmed in the context of 

viral infection with treatment delayed up to 48 hpi. Remdesivir was most effective when 

administered shortly after infection (1 hpi) a time when viral gene transcription is the 

predominant process; therefore, the utility of remdesivir appears to be in the ability to 

prevent transcription. 

As explained earlier, any effect on transcription would create a domino effect in 

which further transcription and replication would be hindered due to insufficient quantities 

of polymerase complex proteins (Figure 6.1A). This is shown by the reduction in viable 

virus when treatment is initiated before, during, or shortly after infection (Figure 6.1B).149 

The results examining the effects of delayed remdesivir treatment on viral infection further 

support the earlier conclusion that transcription efficiency is varied between EBOV and 

BDBV. When a single treatment was used 24 hpi there was no effect on endpoint titers. At 

this point in infection, it would be expected that new polymerase complexes have been 

assembled and a greater amount of transcription is taking place. To overcome this, a 

continued, high-dose treatment regimen would be necessary to inhibit all transcriptional 

activity as was the case for BDBV, but not EBOV (Figure 6.1C,D). The EBOV polymerase 

complexes appears to have high RNA synthesis activity that had increased beyond that 

which could be inhibited by remdesivir and therefore the effects were minimal (Figure 

6.1C). The BDBV polymerase complex, in contrast, which has less active transcription 

taking place, could be inhibited by remdesivir thus reducing further viral growth (Figure 

6.1D). 

The studies presented here have some limitations which should be considered. First, 

all studies were completed in vitro and do not account for other disease processes which 

occur during infection with either EBOV or BDBV such as immune cell activation, 

complete innate immune response, and cytokine release. These other processes may also 

play a role in the observed delayed and limited growth of BDBV compared to EBOV. In 
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addition, care should be taken when translating results from in vitro drug studies to in vivo 

experiments. Careful observation of drug toxicity should be monitored when testing higher 

concentrations or new formulations. Some cytotoxicity was observed in the studies 

presented here using high concentrations (>10 µM) of remdesivir in the HepG2 cell culture. 

Finally, experiments using the minigenome system presented here look at only a single 

portion of viral replication. It is therefore necessary to confirm results in the context of full-

length replicating virus. While minigenome systems are an excellent tool for examining 

the effects of mutations and mapping functional domains, these will not always translate 

to a relevant effect in full-length virus. 

In summary, the mechanism for delayed growth kinetics of BDBV compared to 

EBOV appears to lie in the efficiency of the polymerase complex. Transcription of BDBV 

viral mRNA is diminished compared to that of EBOV resulting in a lower concentration 

of key viral proteins. This results in fewer new polymerase complexes to carry out 

secondary transcription and replication, as well as delayed packaging and release until 

sufficient viral matrix proteins are produced. Further, there may be a reduced capacity to 

inhibit innate immune sensors as these proteins are produced in lower concentrations.
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Figure 6.1 Remdesivir inhibition of ebolavirus RNA synthesis and viral propagation 

(A) Upon release into the cytoplasm, the pre-packaged ebolavirus polymerase complex 
beings a primary round of gene transcription and production of additional polymerase 
complexes. These new complexes carry out secondary transcription and replication of the 
viral genome through an antigenomic intermediate. As viral matrix proteins are produced 
assembly and budding of new virions occurs. (B) When the nucleoside analog remdesivir 
( ) is added shortly after infection primary transcription is inhibited and no new virions 
are produced. (C, D) Once secondary transcription and genome replication an increased 
concentration of remdesivir is necessary to have an effect. In the case of EBOV (C) 
where transcription is abundant and rapid, the polymerase complexes quickly use up the 
remdesivir resulting in minimal changes in virus production. During BDBV infection (D) 
where less transcription occurs, a sustained high concentration of remdesivir can inhibit 
transcription and suppresses viral growth. Image created by Corri B. Levine using 
Microsoft PowerPoint. 
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SUGGESTIONS FOR USE OF REMDESIVIR IN THE TREATMENT OF EBOLA DISEASE 

 In the wake of the 2014 - 2016 West African EVD outbreak, the WHO assembled 

a priority list of therapeutics to be tested in the face of future ebolavirus outbreaks. In 

2018, an EBOV outbreak emerged in the DRC and a 4-arm clinical trial was initiated, the 

PALM trial, which consisted of three antibody therapies and one small molecule inhibitor 

remdesivir.136 At an interim data analysis, it was shown that two of the antibody therapies 

(mAb114 and REGN-EB3) performed superiorly to the ZMapp antibody cocktail and 

remdesivir alone. Although mAb114 and REGN-EB3 outperformed remdesivir, 

remdesivir treatment still provided benefit with a mortality rate of 53% overall and 29% 

in those with a low viral load as indicated by a Ct > 22.0. This is still a reduction 

compared to historical data indicating an average mortality rate of 76% for EBOV (CI: 

63-87%).21   

While remdesivir did not perform as well as expected in the PALM trial, the results 

should not preclude the use of remdesivir for treatment of ebolavirus infections in the 

future, especially in the case of infection with other ebolavirus species. BDBV, as shown 

in this dissertation, has slower and delayed growth kinetics compared to EBOV. This 

difference in replicative capacities translated to a higher susceptibility to treatment with 

remdesivir. Not only did BDBV have a lower IC90 compared to EBOV, but a strong 

inhibitory effect was observed even when treatment was delayed 24 or 48 hpi. These results 

suggest that remdesivir may provide greater therapeutic benefit when used in cases of 

BDBV infection than have been documented for EBOV infections. It is therefore important 

to not yet rule out the use of remdesivir in the treatment of BDBV infections. 
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Based on the results of the PALM trial and the data presented in this dissertation, it 

is clear there is greater benefit when treatment is initiated early, before substantial viral 

replication occurs. This translates to providing therapy as soon as possible after symptom 

onset or a known exposure occurs. In the case of post-exposure prophylaxis, the standard 

ten-day series of remdesivir infusions is likely not feasible, but a single or shortened course 

may be beneficial. This is similar to the use of antibody therapies or convalescent plasma 

as post-exposure prophylaxis. In vitro data from this dissertation and previous studies 

indicate that a single treatment initiated just before or shortly after cellular infection can 

inhibit the first round of viral transcription thereby inhibiting the creation of new virions 

and preventing subsequent rounds of infection.149 The utility of a single, high-dose 

treatment would need to be explored further in in vivo models. The only immediate post-

exposure treatment data published to date utilized a treatment of of 3 mg/kg for 10 days in 

a rhesus macaque model, a dose which the authors state was suboptimal.149 It would be 

interesting to examine post-exposure prophylaxis using a more optimal dose for NHPs (10 

mg/kg) and a shortened treatment regimen. 

Another option is to increase the dose of remdesivir if treatment were to be delayed. 

This was necessary in the experiments presented here, where higher in vitro concentrations 

were needed when treatment was delayed either 24 or 48 hpi. This is likely due to the 

increased amount of transcription and replication occurring over the course of infection. A 

higher, saturating dose of remdesivir would be necessary to prevent ongoing transcription. 

Future in vivo and clinical trials should examine the efficacy of extending the duration of 

the loading dose (10 mg/kg for NHPs, 200 mg/kg for humans) especially in those with high 

viral load. Care should be taken to monitor for any signs of toxicity, especially 
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hepatotoxicity, if doses were to be increased especially since filoviruses cause extensive 

liver damage. This would require a discussion about the risks of using a higher dose 

compared to discontinuing treatment. 

Finally, combination therapy using an antiviral and an antibody or antibody cocktail 

will likely prove to be the most beneficial treatment for ebolavirus infections. The 

mechanisms of action for these two types of therapeutics are in targeting vastly different 

aspects of the viral lifecycle. As demonstrated previously and further highlighted within 

this dissertation, the small molecule antiviral remdesivir inhibits the polymerase complex 

from elongation of viral RNA, primarily by limiting the production of mRNA encoding 

viral genes.148,156 The inhibition of transcription and replication limits the production of 

new virions which can continue the infection and replication cycle, an important target in 

order to maintain control of an infection. Antibody therapy, in contrast, prevents new 

infections and targets infected cells. Therefore, combination therapy that targets multiple 

parts of the viral life cycle may be the key for successful treatment of ebolavirus infections, 

and has been shown to be efficacious against the related MARV in an NHP model.155 As 

the only non-biologic to show clinical efficacy against ebolavirus infection, remdesivir will 

continue to be a valuable option for therapy. Modified treatment schemes and treatment of 

less pathogenic ebolaviruses may be more efficacious than what has been previously tested.
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