
Development of Neutralizing Monoclonal Antibodies (mAbs) 
Against Marburg Virus 

By 

Zirui Zhang 

A Thesis Submitted to Faculty of Graduate Studies of  
the University of Manitoba  

in Partial Fulfillment of the Requirements for the Degree of 

MASTER OF SCIENCE

Department of Medical Microbiology and Infectious Disease
University of Manitoba

Winnipeg 

Copyright © 2019 by Zirui Zhang 



I 

ABSTRACT 

Marburg virus (MARV) causes Marburg virus disease (MVD) in humans and non-human 

primates. Outbreaks of MVD are intermittent and have mostly happened in Central Africa. The 

mortality rates of these outbreaks are normally more than 50%. It is generally considered that 

MARV is not a major public health concern. The biggest outbreak of MVD happened in Angola 

in 2005, which caused 374 cases and 329 deaths. However, the outbreak of Ebola virus (EBOV) 

between 2013 and 2016 highlighted the need for more treatment and vaccine candidates against 

the unpredictable outbreaks of MVD in the future. 

Neutralizing antibodies are thought to be one of the best treatment candidates against filoviruses. 

Nevertheless, neutralizing antibodies against MARV have not yet been generated from 

vaccinated animals, which is different from anti-EBOV neutralizing antibodies. All the 

neutralizing anti-MARV mAbs are derived from human survivors. In this case, the differences 

between MARV and EBOV viral antigens could be the key. In this study, I focus on the 

differences of the mucin-like domain (MLD) on the glycoprotein (GP) between MARV and 

EBOV. 

The efficacy of Vesicular Stomatitis Virus (VSV)-based vaccines expressing MARV-GP or 

MARV mucin-deleted (ΔMuc) GP were evaluated in BALB/c mice. The results showed deleting 

the MLD on the vaccine will decrease vaccine efficacy. On the other hand, the VSV-MARV-

ΔMuc GP vaccine leads to an earlier IgG response than the VSV-MARV-GP. A low level of 

neutralizing antibodies was observed in some of the MARV infected mice. All the survivors in 

two vaccine groups had a high level of anti-MARV GP IgG. Monoclonal antibodies (mAbs) 

against MARV were also generated. No neutralization was detected from the hybridoma 

supernatant and serum from immunized mice, despite high levels of IgG antibodies detected by 

ELISA. Deletion of the MLD did not enhance anti-MARV neutralizing antibody generation 

compared to the native form. 

Overall, the results from evaluating vaccine efficacy as well as mAbs development do not 

support the hypothesis that a vaccine expressing the ΔMuc GP of Marburg virus will yield more 

and better neutralizing mAbs than a vaccine expressing the full GP. 
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CHAPTER: 1      INTRODUCTION 

1.1 Filovirus 

Filoviruses belong to the family Filoviridae, under the order Mononegavirales. All the 

filoviruses have an approximately 19kb long negative-sense single-stranded RNA genome, 

which includes seven genes in the order 3'-UTR-NP-VP35-VP40-GP-VP30-VP24-L-5'-UTR 

(Sanchez, Kiley, Holloway, & Auperin, 1993). Filoviruses were first identified in August 1967 in 

Frankfurt and Marburg, Germany; where several laboratory workers were infected with Marburg 

virus, an unknown pathogen at that time. The patients showed high fever, hemorrhagic and some 

other pathological reactions (such as viremia and tissue damage) with a 25% fatality rate 

(Gordon Smith, Simpson, Bowen, & Zlotnik, 1967). Ebola virus was reported in 1976 as a new 

Marburg virus "strain", and in the same year was identified as a new genus of the family 

Filoviridae (World Health Organisation, 1978). From the first outbreak until 2017, there were 47 

outbreaks of filoviruses which caused at least 13,200 reported deaths in around 31,500 cases 

(Amman, Swanepoel, T. Nichol, & Towner, 2017). To date, there are four reported genera: 

Cuevavirus, Ebolavirus, Marburgvirus and the newly reported Dianlovirus (Table 1). 

The genus of Cuevavirus was discovered in 2011 from Miniopterus schreibersii species bats 

(Negredo et al., 2011). Recently, there is only one species, Lloviu cuevavirus, and one virus, 

Lloviu virus (LLOV), belonging to this genus. Within the year following its discovery, the virus 

was detected in dead bats displaying which had viral pneumonia in caves in Spain, France, and 

Portugal, although there was no evidence to support LLOV as the cause of death. To date, no 

human infections have been reported, which suggests LLOV is not a pathogenic virus for 

humans. 

The genus Ebolavirus contains 6 different viruses, each belonging to a separate species: Reston 

virus (RESTV; Reston ebolavirus), Tai Forest virus (TAFV; Tai Forest ebolavirus), Sudan virus 

(SUDV; Sudan ebolavirus), Bundibugyo virus (BDBV; Bundibugyo ebolavirus), Zaire virus 

(EBOV; Zaire ebolavirus) and a new reported Bombali virus (BOMV; Bombali ebolavirus). 

RESTV had some outbreaks in monkeys and pigs. but there have been no human cases of disease 

reported. Although anti-RESTV antibodies have been detected in humans, there are no report of 

disease in humans exposed to RESTV (World Health Organisation, 2010). TAFV has been 
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described as a non-lethal disease and there is little evidence about its natural range (Kuhn et al., 

2010). SUDV was first reported in 1976 (Johnston et al., 1978), when it caused 284 cases and 

151 deaths (53% fatality). The biggest SUDV outbreak happened between 2000 and 2001. The 

outbreak included 425 cases and 151 deaths (Okware et al., 2002). BDBV was first identified in 

2007, and the next year caused an outbreak with 116 confirmed/probable/suspected cases and a 

34% fatality rate (World Health Organization, 2008).  

Ebola virus is the most well-known filovirus because it caused the largest outbreak to date. 

EBOV was first identified in 1976 with 284 reported infections and 53% fatality rate, but in 

some epidemics, the lethality rate has reached almost 90% (Commission, 1978). The largest 

outbreak happened from 2014 to 2015 in West Africa. After the first report of infection in 

December 2013 in Guinea, the disease quickly spread to Liberia and Sierra Leone in 2014. Due 

to the lack of available therapies and vaccines, the outbreak was out of control at the end of 

2014. By the end of this outbreak, there were 28,616 reported patients with 11,310 deaths based 

on the WHO records (World Health Organization, 2018).  

Recently, a new species of ebolavirus, Bombali ebolavirus, was reported in 2018 (Goldstein et 

al., 2018). Only one virus, Bombali virus (BOMV), belongs to this new species. BOMV was 

found in two species of bats: the Angolan free-tailed bat and the Little free-tailed bat from Sierra 

Leone in western Africa. In vitro assays showed that BOMV has the ability to infect U2OS 

human cells, but there are no reports yet about the human pathogenicity or infections.  

In January 2019, a new genus, Dianlovirus, was discovered in Mengla County, Yunnan 

Province, China  (Yang et al., 2019). There is only one species, Mengla dianlovirus, and one 

virus, Mengla virus (MLAV), belonging to this genus. MLAV was detected in Rousettus sp. bats 

and the genome sequence was close to that of the marburgviruses. There is no evidence to 

support the infection of human cells by MLAV, but a VSV vector expressing MLAV GP can 

infect HEK293 cells.  
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Table 1. Filovirus family members 

Genus name Species name Virus name (abbreviation) 

Cuevavirus Lloviu cuevavirus Lloviu virus (LLOV) 

Ebolavirus 

Bundibugyo 

ebolavirus 

Bundibugyo virus (BDBV; previously 

BEBOV) 

Reston ebolavirus Reston virus (RESTV; previously REBOV) 

Sudan ebolavirus Sudan virus (SUDV; previously SEBOV) 

Taï Forest 

ebolavirus 
Taï Forest virus (TAFV; previously CIEBOV) 

Zaire ebolavirus Ebola virus (EBOV; previously ZEBOV) 

Bombali ebolavirus 

(new) 
Bombali virus (BOMV) 

Dianlovirus (new) Menglavirus Mengla virus (MLAV) 

Marburgvirus 
Marburg 

marburgvirus 

Marburg virus (MARV) 

Ravn virus (RAVV) 

 

 

1.2 Marburg Virus 

Marburg virus is one of two viruses belonging to the genus Marburgvirus (Table 1) that can 

cause Marburg virus disease (MVD) in human beings; Ravn virus (RAVV) is the other one. Both 
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of them are hemorrhagic fever disease pathogens, which can cause maculopapular rash, purpura, 

ecchymoses, hematomas and some other hemorrhagic symptoms (Brauburger et al., 2012).  

1.2.1 History 

As previously mentioned, MARV was first reported in 1967, when several non-human primates 

(NHPs; African green monkeys) were imported to laboratories in Germany and Yugoslavia. 

Twenty-seven primary cases and 6 secondary infections with an unknown infectious pathogen 

were reported with fever, vomiting, diarrhea, bleeding, shock and some other symptoms. At the 

end of this outbreak, there were 7 deaths from these 31 patients (Gordon Smith et al., 1967). The 

primary transmissions happened when the patients were collecting the kidneys from NHPs. 

Around three months later, the laboratories in Hamburg and Marburg identified and 

characterized this new agent, Marburg virus, which used the name of the city which reported the 

most infections (Jacob & Solcher, 1968).  

Eight years after the first outbreak, an Australian was infected with Marburg virus when he 

traveled through Zimbabwe in 1975 (Johnston et al., 1978). The patient showed similar 

symptoms with those reported during the MARV outbreak in 1967 and then died at a hospital in 

Johannesburg, South Africa. There were also two secondary infections but both of them 

recovered. During the following 23 years from 1975 to 1998, there were only intermittent 

outbreaks which infected a limited number of individuals in Africa, which led to the limited 

knowledge of and attention paid to MARV (Brauburger et al., 2012). 

However, after a long hiatus, a large outbreak happened in 1998-2000 in the Democratic 

Republic of the Congo (DRC). This outbreak happened during the DRC civil war, which delayed 

the detection of the MARV outbreak. The investigation team was invited to the outbreak field 

after a doctor died due to an unknown hemorrhagic fever in April 1999. The pathogen was 

confirmed as Marburg virus in the next month by National Institute for Communicable Diseases 

(NCID) of South Africa. Once the MVD was detected, Congo’s Ministry of Health requested 

assistance from the WHO and a specialists team was set up and arrived in Durba on May 8, 

1999. Although the team reported that the outbreak had already subsided, and left after 3 weeks, 

suspected cases continued to be reported until September 2000. In total, 128 deaths from 154 

patients, including 48 laboratory-confirmed and 106 suspected cases, were reported by the end of 

https://www.collinsdictionary.com/zh/dictionary/american-thesaurus/specialist#specialist_1


5 
 

the epidemic (Bausch et al., 2003). More than half of the cases were young male miners, and 

most of them worked in the same mine. After the mine flooded, this outbreak ended, which 

supported the hypothesis that the outbreak derived from bats in the mine (Bausch et al., 2006). 

This outbreak was the first large outbreak of MARV since the first report of the virus in 1967, 

and the outbreak lasted one and a half years, longer than the previous outbreak. The DRC 

outbreak attracted more attention to Marburg virus, as most of the research and discussions about 

filovirus were focusing on the ebolaviruses at that time. 

Just 5 years later, an acute hemorrhagic fever was reported from northern Angola in January 

2005. By the middle of March, 63 deaths including 3 health care workers were reported by the 

Angola Ministry of Health (MOH). Just a few days later on the 21st of March, the Centers for 

Disease Control and Prevention (CDC) identified the fever as Marburg hemorrhagic fever. The 

outbreak was over in July 2005. It was reported that there was a total of 374 cases with 329 

deaths (88% fatality rate) from the beginning of the outbreak to August 2005, including 158 

laboratory-confirmed cases (Towner et al., 2006). During this outbreak, a technique named 

Reverse Transcription quantitative PCR (RT-qPCR), which was more sensitive than previous 

assays, was beginning to be used to detect MARV RNA. The sequence of MARV Angola 

showed only around 7% nucleotide difference with the majority of East African MARV, which 

suggested that there are no substantially distinct between the reservoir species. The virus genetic 

lineages among MARV Angola were quite similar (0-0.07% nucleotide differences), which is 

probably due to one introduction into the human population and human-to-human transmission 

with a rare mutant. It is the largest difference between the outbreak in Angola and the previous 

outbreak in the DRC, where several different virus genetic lineages were reported, and the 

nucleotide differences were up to 21% (Towner et al., 2006). 

After these two large outbreaks of MARV, several small outbreaks happened in Uganda until 

2019 (World Health Organization, 2017). The largest one during this time was an outbreak in 

2008, which caused 4 deaths out of 15 cases. The two cases in the Netherlands and USA in 2008 

were quite similar. Both of them were diagnosed with MVD after visiting a cave in Queen 

Elizabeth National Park, Uganda.  
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Because MARV has a high lethality and there are no approved treatments or vaccines available, 

it was classified as a Biosafety Level 4 pathogen, and WHO also listed it as a Risk Group 4 

agent. 

Table 2. The outbreak of MVD 

Year Country Cases Deaths Case Fatality Rate 

2017 Uganda 3 3 100% 

2014 Uganda 1 1 100% 

2012 Uganda 15 4 27% 

2008 
The Netherlands 

(ex-Uganda) 
1 1 100% 

2008 

The United States 

of America (ex-

Uganda) 

1 0 0% 

2007 Uganda 4 2 50% 

2005 Angola 374 329 88% 

1998 to 2000 

The Democratic 

Republic of the 

Congo 

154 128 83% 

1987 Kenya 1 1 100% 

1980 Kenya 2 1 50% 

1975 South Africa 3 1 33% 

1967 Yugoslavia 2 0 0% 

1967 Germany 29 7 24% 

1.2.2 Genome 

The genome of MARV is a single-stranded negative-sense RNA genome of around 19 kilobases 
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nucleotides (nts) long, similar to other filoviruses, which contains seven monocistronic structural 

protein genes: NP, VP35, VP40, GP, VP30, VP24 and L (Bharat et al., 2011). The genome 

organization is shown in Figure 1. All these genes contain conserved start and stop signals for the 

viral transcription, and a long silent region at the 3’ and 5’ end (Feldmann et al., 1992). Upstream 

gene or short intergenic regions separate each gene and there is downstream gene overlap with the 

transcription start signal which includes five conserved nucleotides. This kind of overlap also 

appears in all other filovirus genomes (Mühlberger, 2007).  

Cis-acting signals (Whelan, Barr, & Wertz, 2004), which are required for both transcription and 

replication, were found at the 3’ and 5’ genome ends. Moreover, there are promoters for the 

genome transcription and replication, which are a kind of bipartite promoter, at the ends of the 

genome as well. Because of the bipartite promoters, the genomes would be expected to obey the 

“hexad rule” – the length of the genome should be divisible by six. However, no filoviruses 

follow this rule (Weik et al., 2005). The leader at the 3’ end contains 48 nts and the first part of 

the promoter. The second piece accommodates a tripartite “UNNNNN” pattern with three 

separated conserved uridine residues (Tapparel, Maurice, & Roux, 1998). These motif hexamers 

overlap with the untranslated region of the NP gene, which is the first MARV gene, and there is a 

12 nts long transcription start signal between the hexamers and the first promoter (Enterlein et 

al., 2009).  Substituting the NP transcription start signal will inhibit the transcription initiation 

but do not disturb replication activity.  

As for the extracistronic region, it is located at the end of the genome (~75 nts), which involves a 

counterpart for the promoter of antigenomic replication (Tapparel et al., 1998). Although the 

construction of the antigenomic promoter has not been described, it could be similar to the 

bipartite promoter because of the (UNNNNN)3 hexamers. It is common that NNS RNA viruses 

contain leader and trailer regions with a high complementarity of 10 to 15 nucleotides at the 3’ 

and 5’ ends (Feldmann et al., 1992). Filoviruses including MARV also share this characteristic, 

but internal secondary structures were also found both at the leader and the trailer, and no other 

NNS RNA viruses contain this feature (Druar et al., 2005).  
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Figure 1. The genome organization of MARV. From left to right: NP (Nucleoprotein), VP35 

(Viral Protein 35), VP40 (Viral Protein 40), GP (Glycoprotein), VP30 (Viral Protein 30), VP24 (Viral 

Protein 24), L (Large Protein). 
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1.2.3 Structure 

As mentioned previously, there are 7 structural proteins in MARV with different functions (Table 

3). 

 

1.2.3.1 Glycoprotein (GP)  

GP is the only protein on the surface of the MARV viral membrane, which is responsible for the 

attachment and entry to the target host cells (Will et al., 1993). GP is a homotrimeric 

transmembrane protein, which was encoded by the open reading frame (ORF) GP gene 

(Bukreyev et al., 1993). After the translation, the precursor GP will be modified (including 

glycosylation, acylation, and phosphorylation) during the transportation from the endoplasmic 

reticulum (ER) to the plasma membrane.  

Table 3.  Functions of MARV structural proteins  

Protein Amino Acids Function(s) 

NP 695 Protect RNA Genome, Nucleocapsid formation, Budding 

VP35 329 Nucleocapsid formation, Polymerase cofactor, IFN antagonist 

VP40 303 IFN antagonist, Budding 

GP ~681 Attachment, Binding, Membrane fusion, immune evasion 

VP30 281 Nucleocapsid formation 

VP24 253 Nucleocapsid formation, Budding 

L protein ~2330 Catalytic of RNA polymerase  
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After the combination of precursor GP, it will be divided by furin and furin-like proteases at 

amino acid 435 (Volchkov et al., 2000). As a result, two subunits GP1 and GP2 are produced. 

GP1 is an around 160 kD protein located at the surface of the viral membrane, which contains 

several entry factors and receptors. And there is a receptor binding region located at the GP1 

amino acids 38 to 188 (Manicassamy et al., 2007). GP2 (38kD) is a transmembrane subunit, 

which is similar to EBOV GP2, including a fusion peptide and causing the viral and cellular 

membrane fusion (Koellhoffer et al., 2012). A transmembrane domain at GP2 fixes GP on the 

viral membrane, which is 30 amino acids long (Mittler et al., 2007).  

High level of glycosylation including complex, mannose-type glycans and mucin-type glycans 

were found on the GP. Most of the N-linked oligosaccharides and O-linked glycans compose a 

MLD (75kD) which is similar to EBOV (Feldmann, Nichol, Klenk, Peters, & Sanchez, 1994). 

However, the position of the MARV’s MLD  is quite different from EBOV (Hashiguchi et al., 

2015). The MARV MLD is linked with both GP1 and GP2, which shields the base of GP but 

make the upper surface exposed. On the other hand, The EBOV MLD is only attached to GP1, 

which mask the upper area of GP but exposes the base parts. The different position of the MLD 

of MARV and EBOV GP may lead to a different immune response. For both EBOV and MARV, 

the knowledge about the function of MLD is still limited; only a handful of publications 

suggested it might play some roles in immune evasion and the viral entry. 

Aside from the functions of entry and budding, GP also has an impact on the immune evasion. 

Interferon (IFN)-induced anti-MARV protein (such as IFNγ) can block the release of MARV 

VLP, which suggests this kind of protein could be a restriction against MARV (Jouvenet et al., 

2009). However, some studies suggested a co-expression of GP could inhibit this restriction with 

unknown mechanisms (Kaletsky et al., 2009) (Marzi, Konrad, et al., 2011). A 17-mer peptide 

located at P2 subunits also showed the ability to decrease the cytokine responses (Yaddanapudi 

et al., 2006). And as previously mentioned, the MLD could also shield the epitopes on the GP. 

There is some evidence to support that the EBOV MLD could reduce the antibody titer in serum 

(Basler et al., 2011). But the MARV MLD functions are still unknown. 
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1.2.3.2 Viral Protein 40 (VP40) 

VP40 is similar to the M proteins of the other NNS RNA viruses such as vesicular stomatitis 

virus (VSV) and rabies virus (O Dolnik, Kolesnikova, & Becker, 2007). Unlike the EBOV VP40, 

which is organised into hexamers or octamers, knowledge about the MARV VP40 structure is 

quite limited. One of the major functions of the VP40 is viral particle formation. The VP40 can 

transfer the nucleocapsids to cellular membrane and attract GP to the budding sites (Kolesnikova 

et al., 2012). When the formation of the virus particle is done, the VP40 can facilitate the virus 

release. The VP40 also plays an essential role in both transcription and replication. Increasing 

VP40 expression can reduce MARV genome expression (Wenigenrath, et al., 2010). The VP40 is 

a peripheral membrane protein, which is located at the inner side of the viral membrane. There is 

some evidence suggesting that the VP40 combines with the nucleocapsid by loose interactions, 

which can be removed by salt dissociation (Kolesnikova, Bugany, Klenk, & Becker, 2002).  

Aside from the role of matrix protein, the VP40 is also a virulence factor which can inhibit the 

innate immune response and influence the host tropism of MARV (Valmas et al., 2010). It can 

decrease the STAT proteins activity by inhibiting the phosphorylation of Janus kinases, which are 

responsible for several signaling pathways (Valmas & Basler, 2011). Some papers suggest that 

when the host cells are stimulated by cytokines (IFNα, IFNγ or IL6), the STAT proteins do not 

show phosphorylation nor translocation (Ramanan et al., 2011). When the MARV-infected cells 

receive some other exogenous stimulations, there is still no phosphorylation on Janus kinases. In 

this case, it is suggested the VP40 could block the IFN signaling, and the target of the VP40 is 

believed to be Jak1 (Valmas et al., 2010). However, there is still a knowledge gap about the 

mechanism of the VP40 immune evasion.  

1.2.3.3 Viral Protein 24 (VP24) 

The VP24 is encoded by the sixth gene of the MARV genome, and it is also a unique protein of 

the filovirus family (Bamberg et al., 2005). It is usually regarded as a secondary matrix protein, 

but there is also some evidence showing that the location of the VP24 is extremely close to the 

nucleocapsid protein, which suggests it could be a part of nucleocapsid proteins (Bamberg et al., 

2005). But the connection between the VP24 and the nucleocapsid is really weak; it can be 

separated by a high salt concentration. There are also several intracellular studies suggesting that 
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around 10% of the VP24 will stick on the cellular membranes, and a few of filopodia were found 

on it, which connect it with VP40. The other 90% of the VP24 are mainly found in the 

cytoplasm, free nucleocapsids, and the NP inclusions (Wenigenrath et al., 2010).  

As for the functions of the MARV VP24, there are several papers suggesting it does not affect 

the virus-like particle (VLP) morphology nor the release ability of VLP, although it plays an 

important role in viral release during the infection (Valmas et al., 2010). Furthermore, 

knockdown of the VP24 in the infected cells did not show an impression on the replication of the 

genome, which suggests the VP24 does not have much influence on genome replication but 

showed an impact on the subsequent step of nucleocapsid formation. There is still a knowledge 

gap for the MARV VP24 structure. Only a few papers suggested it is an oligomer and usually 

developed a tetramer (Warfield et al., 2007). 

1.2.3.4 Nucleoprotein (NP) 

The NP is one of the nucleocapsid complex proteins, which protects the viral genome and play 

important roles in viral replication and transcription. The NP can form a helical tubular structure 

when it is expressed alone without VP30, VP35, and L, which suggests that NP can guide the 

formation of the nucleocapsid (Kolesnikova et al., 2000). Some papers showed a 390 N-terminal 

remnant of the MARV NP could successfully contain a helical structure of nucleocapsid core 

(Bharat et al., 2011). NP is a kind of central protein, which has interplays with most of the other 

MARV proteins. Especially, VP35 and VP30 showed a strong connection with the NP, which are 

parts of an NP-derived inclusion (Becker et al., 1998). when discussing the VP24 weak 

interaction between the NP and VP24 has also been reported, which explains why is 

demonstrated by VP24 appearing in the NP inclusions. As for the relation between the NP and 

VP40, some studies suggest that the interaction between them is a key for the transportation of 

nucleocapsids to the cellular membrane (Kolesnikova et al., 2009).  

Another important function of the NP is budding. There is a C-terminal domain motif named 

PSAP at the NP, which is required for budding. The NP could also induce a component of 

ESCRT I named Tsg101 which can enhance the budding function of the VP40 (Olga Dolnik et 

al., 2010). And there are several studies showing the phosphorylation level of NP could 

harmonize the viral transcription and replication activities (DiCarlo et al., 2011). 
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1.2.3.5 Viral Protein 35 (VP35) 

The VP35 is a part of the nucleocapsid and has several functions including nucleocapsid 

formation, polymerase cofactor, and IFN antagonism. The VP35 constitutes an RNA polymerase 

complex with a catalytic subunit of the L protein (Mühlberger et al., 1998). And it is also fixedly 

accompanied by the NP, which makes it a connection between the L and nucleocapsid. The L 

cannot link to nucleocapsids and finish the viral transcription and replication without the VP35 

(Becker et al., 1998). A homo-oligomer is found on the N-terminal part of the VP35 which plays 

an important role in the interaction between the L and VP35. There are a lot of characteristics 

shared between VP35 and other NNS RNA virus phosphoproteins, for example, the position of 

the gene in the genome, the functions of transcription and replication. But compared with the P 

protein, the VP35 only contains limited phosphorylation.  

Another crucial function of the VP35 is IFN inhibition (Ramanan et al., 2011). Similar to EBOV 

VP35, the MARV VP35 can also obstruct the IFN production by cutting off the reporter gene 

expression. And there is also a study showing the VP35 could intercept the human dendritic cell 

(DC) receiving IFNα signal. On the other hand, the EBOV VP35 could also prevent PKR activity 

and block the RNA silencing pathways. There is still no evidence to support that the MARV 

VP35 has these functions. 

1.2.3.6 Viral Protein 30 (VP30) 

The MARV VP30 shares a similar structure with the EBOV VP30, both of them show a firm 

connection with the NP. And phosphorylation located at serine and threonine residues is found on 

both VP30s, suggesting this phosphorylation to be key for the interaction between the VP30 and 

NP. However, the functions of the MARV VP30 are quite different from the EBOV VP30. EBOV 

VP30 showed a function as a transcription start factor (Modrof, Mühlberger, Klenk, & Becker, 

2002). But for the MARV VP30, a recent study suggested it showed some impact on the viral 

replication (Fowler et al., 2005). Knockdown of the MARV VP30 in infected cells reduces the 

output of other viral proteins and influence the viral release. But there is still a knowledge gap 

about the role of the MARV VP30 in transcription and replication.  
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1.2.3.7 Large Protein (L) 

The L is the main component of the MARV polymerase, its molecular weight is around 267 kDa. 

The L protein has an effect on viral transcription and replication. The L protein is part of the 

polymerase complex with the VP35, and the enzymatic activity of the polymerase also depends 

on the L protein. Almost all the NNS RNA viral L proteins are conserved, which form in the 

functional area (Poch, Blumberg, Bougueleret, & Tordo, 1990). Some other NNS RNA 

polymerases (Such as EBOV) can perform RNA synthesis, capping, and polyadenylation of the 

viral RNA. But there is still no report about the similar functions of the MARV L. 

1.2.4 Life cycle 

1.2.4.1 Entry 

The entry of MARV includes three steps: attachment, endocytosis, and fusion. It is assumed that 

the filovirus glycoproteins share similar functions and characteristics because of the sequence 

similarity among them (Feldmann et al., 1994). However, recent studies showed MARV does not 

infect ferrets or ferret primary cells, where EBOV can (Soule et al., 2018). This suggests that 

MARV might enter cells using different entry mechanism. There are only a few mechanistic studies 

of MARV GP, which suggest that the structure of MARV GP2 is similar to EBOV and shares a 

similar mechanism of fusion (Koellhoffer et al., 2012). 

1.2.4.1.1 Attachment 

The first step of entry is the attachment to cells, which is performed by GP. Some strong evidence 

showed that the beginning of viral attachment will occur via the binding of GP to target cellular 

C-type lectins, including several hepatocyte receptors: DC-SIGN and DC-SIGNR (Marzi et al., 

2004), ASGP-R, LESCtin (Matsuno et al., 2010), and hMGL (Dominguez-Soto et al., 2007). There 

are also some other cellular proteins, like AM receptor proteins, which may play roles in MARV 

entry. However, some publications suggest MARV can still infect cells without these receptors, 

which demonstrates that there might be some other proteins or receptors that can facilitate the 

attachment step (Kondratowicz et al., 2011). Several residues (of GP1) were identified that play 

roles in the EBOV viral entry and incorporation. Similar residues have also been found in the 

MARV GP, which suggests that MARV might share part of the entry mechanism of EBOV 
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(Manicassamy et al., 2007).  

1.2.4.1.2 Endocytosis 

After attachment, MARV will undergo endocytosis through unclear mechanisms. There are some 

studies showing that the cholesterol of the host cell could influence the viral infectivity in 

caveolin-mediated endocytosis. However, no evidence suggests caveolin was involved in the 

endocytosis. Some studies showed a clathrin-mediated endocytosis inhibitor, which is a 

chlorpromazine, could inhibit the entry of a MARV GP-encoding HIV-1, which suggests clathrin 

might play a role in MARV endocytosis (Bhattacharyya, Hope, & Young, 2011). Nevertheless, 

the problem of these MARV endocytosis studies is that all of them were designed in experiments 

with MARV GP-expressing retroviruses, which lacked the MARV viral structure and the 

influence of other proteins. Although some papers suggest cholesterol plays an important role in 

MARV particle uptake, caveolae and clathrin might not be that important for the endocytosis as a 

different mechanism of entry may be used for MARV due to its size limitations of these 

mechanisms (Sanchez, 2007). A MARV particle size is around 800 nm long (the maximum could 

be as long as 14,000 nm) and 80 nm wide, which is much larger than caveolae or clathrin pits. 

The Murine leukemia virus (MLK; ~100 nm) and vesicular stomatitis virus (VSV; 70 nm wide, 

180 nm long) are much smaller than a MARV particle (Marzi, Schnittler, et al., 2011). It is 

suggested the endocytosis pathways mediated by caveolae and clathrin for the virus may be due 

to the use of pseudotyped virion, further experiments with live MARV are required to confirm 

the pathways for entry.  

Another step, the proteolytic cleavage of GP1 in vesicles, appears an important process during 

the endocytosis (Misasi et al., 2012). The most widely accepted model for the cleavage of 

MARV GP1 is dependent on the host endosomal cysteine-proteases. Based on the studies of 

EBOV, the elimination of the GP1 and the MLD will promote the exposure of receptor-binding 

domain (Sanchez, 2007). There are studies supporting Cathepsin B (CatB) and Cathepsin L 

(CatL) as playing important roles during the entry of recombinant VSV-EBOV-GP (Chandran, 

Sullivan, Felbor, Whelan, & Cunningham, 2005). Moreover, when inhibitors of CatB and CatL 

were added to cells, the entry of VSV-EBOV-GP would be interrupted. However, the results of 

MARV were wholly different. It is suggested that although CatB could increase the infection 

activity, it was not required for the entry of MARV. As for CatL, it was required when the virus 
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enters into mouse embryonic fibroblasts, but it was not necessary for the virus to enter Vero cells, 

human macrophages, or 293T cells (Gnirß et al., 2012). Although CatB and CatL were 

hypothesized to be required for cleavage of GP1 in some cell types, it is most likely some other 

endosomal proteases might also play roles during the activation of GP1.  

1.2.4.1.3 Fusion 

The last step of entry is the fusion of the MARV membrane and the cellular endosome. Several 

studies have confirmed that the endosomal cholesterol transporter Niemann-Pick C1 (NPC1) was 

the key for the entry of both EBOV and MARV (Côté et al., 2011). Nevertheless, there were also 

some complexes with several homotypic fusion and vacuole protein-sorting (HOPS) which were 

critical for EBOV entry but not quite important for MARV entry (Carette et al., 2011). Right 

now, the most accepted model of EBOV and MARV fusion is the NPC1 receptor model. The 

heavily glycosylated domains are removed by the cleavage of GP1, the receptor binding domain 

is exposed and binds to NPC1 to activate the fusion. The GP2 then changes to a protracted shape, 

which leads to the fusion of the viral membrane and the endo-lysosomal membranes. There is a 

study suggesting the fusion is low pH-dependent, increase the pH of cell media could inhibit the 

entry of MARV (Chan, Speck, Ma, & Goldsmith, 2000). Another study showed that ammonium 

chloride could prevent the entry and replication of MARV. However, a vacuolar-type H+ ATPase 

inhibitor, Bafilomycin A1, which can block the acidification of the vacuolar system, does not 

have inhibitory effects (Sanchez, 2007). There is still a knowledge gap for the MARV entry 

mechanism.  

1.2.4.2 Transcription and Replication 

After the viral membrane is fused with the endosomal membrane, the nucleocapsid is released 

into the cytoplasm. Around 12 h after the infection, the viral proteins and RNA can be detected, 

which demonstrates viral replication (Ryabchikova & Price, 2004). Then, the new nucleocapsids 

will implant into the viral inclusions. Although it is still unclear where the MARV replication and 

transcription happens within the cells, some publications about EBOV have suggested the viral 

replication is carried out in the inclusions, and the transcription occurs before the inclusions are 

formed (Mühlberger, 2007).  
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The seven monocistronic mRNAs are produced by the transcription of the viral genome, and the 

infected cell will translate all of them after they are co-transcriptionally capped and 

polyadenylated. The viral RNA genome is also the template for the positive-sense antigenome 

production. The antigenomes are the complementary copies of viral genomes, so they can serve 

as the templates for the replication of genomes (Whelan et al., 2004). Moreover, as mentioned, 

the nucleocapsid proteins also play important roles in the viral transcription and replication. On 

the other hand, it is commonly believed that the MARV VP40 and VP24 play a negative role in 

transcription and replication, which is similar to EBOV (Hoenen, Jung, Herwig, Groseth, & 

Becker, 2010). The inhibition from these two proteins is suggested to promote the maturation of 

the nucleocapsids and the beginning of budding.  

1.2.4.3 Budding 

The following step, which is also the last stage of the viral life cycle, is budding. As mentioned, 

the VP40 can mediate the release of the virion by mobilizing the GP to the budding sites, which 

leads to the transfer of nucleocapsids from inclusions to the cellular membrane. In the VLP 

model, the VP40 can also generate the composition and release of the viral particles. The NP, GP, 

and VP24 are thought to improve the VP40-mediated budding. Several studies suggest that the 

COPII and ESCRT vesicular transport system in the host cell are used for the release of viral 

particles. The COPII pathway was shown to be the main pathway for the VP40-involved 

intracellular transmission to multivesicular bodies, which is where budding occurrs (Yamayoshi 

et al., 2008). There are some studies supporting various proteins, including Tsg101, Vps4A/B, 

and Nedd4.1, that to promote the virion release with the ESCRT machinery (Kolesnikova et al., 

2009).  

MARV budding has been observed both at internal membranes and the cellular membrane. Most 

of the viral particles will be released at the filopodia and filamentous cellular protrusions. One of 

the functions of filopodia is exploring the extracellular environment, which might be used by the 

virus to infect the neighboring cells once the viral particle is released. Actin might play an 

important role in the viral budding at filopodia, and the depolymerization of microtubules only 

has limited influence. Some reports showed the MARV budding was detected at the basolateral 

membrane of hepatocytes and polarized epithelial cells, but the release of the virus was found at 

the apical membrane of the endothelial cells (Schnittler, Mahner, Drenckhahn, Klenk, & 
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Feldmann, 1993). This phenomenon suggests the sites of virus budding are based on the specific 

cell types.  

The most accepted model of MARV virion release was built up based on studies of electron 

tomography. The budding starts when the intracellular nucleocapsids are combined with the 

plasma membrane. Then, the nucleocapsids are covered by the cellular membrane until it sticks 

out vertically from the membrane. The cell will still be viable when the infectious MARV 

particle (filament shape) release, with the maximum release between 24-48 hours post-infection. 

Around 96 h post infection, vesiculation is noticed in most of the cells, the shapes of viruses 

became round or bent, and the viral infectivity is also limited (Welsch et al., 2010). 

1.2.5 Pathogenesis 

The transmission of MARV usually occurs with directly contact with infected body fluid or 

animals. After contact, skin barrier disruptions or entry through the mucosal membranes could 

allow viral entrance. In most of the experimental animal models, several innate immune system 

cells like monocytes, dendritic cells (DCs) and macrophages are the early targets of MARV, 

which could transport MARV to the early sites of viral replication: lymph nodes, liver, and 

spleen, where an abundance of monocytes and macrophages are present (Reed et al., 2011). The 

earliest replication of MARV was found in macrophages only 24 hours after the infection in 

guinea pig models (Ryabchikova & Price, 2004). In addition, infected monocytes could be found 

as early as 2 days post infection in the NHP model (Fritz, Geisbert, Geisbert, Hensley, & Reed, 

2008). In human patients, in vitro assays have suggested that macrophages, monocytes, and DCs 

from humans are sensitive infection by MARV. The cell-free viruses, infected monocytes, and 

macrophages could move into other organs through the lymph and blood system. It is believed to 

be the main way to infect multiple tissues and lead to systemic infection. In this case, high titers 

of the virus can be detected in the blood and several tissues just a few days post infection in most 

of the animal models. At the later stage of the infection, several other cell types including 

hepatocytes, medullary cells, fibroblasts, and adrenal cortical cells are susceptible to MARV 

infection as well.  

In the late stage of MARV infection, some studies suggest that endothelial cells are also targets 

of MARV, which might be the mechanism for vascular breakage (Reed et al., 2011). However, 
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this hypothesis is still controversial. Only a few infected endothelial cells can be detected in NHP 

models, some other reports suggested maybe the paracrine effects of cytokines induce the 

endothelium dysfunction (Alves et al., 2010). Almost all the tissues have high levels of infectious 

viruses at this stage, and high levels of viral genomes are also found in most organs and blood. 

However, limited inflammation is observed in most of the tissues, suggesting there might be 

dysregulation of the immune response. An abundance of liver enzymes like ALT and ALP can be 

detected in the blood in this stage, indicating liver damage (Reed et al., 2011). This could be the 

reason for bleeding during MVD, because the high level of liver enzymes in the blood will 

impact the production of coagulation factors. The symptoms mentioned above simultaneously 

with systemic virus infection may be the reasons for multiorgan system failure, which will lead 

to death.  

 

1.3 Vaccine & Treatment 

Because of the two large outbreaks of Marburg virus disease in Angola and Musoke, experimental 

therapies and vaccines are in the process of being developed. Although there are no Food and Drug 

Administration (FDA)-approved vaccine or treatment, some drugs and vaccines candidates 

showed up to 100% protection against MVD in NHP and rodent animal model. 

1.3.1 Vaccine Development 

The earliest MARV vaccine was developed by using whole inactivated virus, but the vaccine failed 

to protect NHPs (Rollin, 2009). Furthermore, some vaccines with survival rates of in rodent models 

cannot provide the same protection in NHPs. There is one report describing an inactivated MARV 

vaccine which can protect guinea pigs against a lethal MARV challenge, but the protection of 

NHPs was only 50% (Ignatyev, Agafonov, Streltsova, & Kashentseva, 1996). Therefore, several 

different vaccines have been developed. 

Recombinant antigen protein and DNA vaccines are widely used for vaccine development. In some 

early studies, insect cells were used to produce recombinant MARV GP, but the results only 

showed incomplete protection in guinea pig models (Michael Hevey, Negley, Geisbert, Jahrling, 

& Schmaljohn, 1997). A GP-based DNA vaccine also demonstrated showed a limited survival 

following challenge (M Hevey et al., 2001). A few years later, a publication reported a DNA 

https://www.thesaurus.com/browse/simultaneously
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vaccine showing 100% protection in guinea pigs, which combined EBOV, MARV, and VEEV 

(Venezuelan equine encephalitis virus). However, this vaccine only showed 66% protection in 

NHPs. After the outbreak of MARV in Angola, several codon-optimized DNA vaccines have been 

reported that provide complete protection in both mice without disease outcomes and NHPs with 

some mild clinical signs following challenge (Grant-Klein et al., 2012). Recently, several DNA 

vaccines in clinical trials, and two of them were demonstrated safe in phase I clinical trials and 

anti-MARV GP antibodies were further detected after the vaccination. Nevertheless, some studies 

suggest the DNA vaccines elicit a lower antibody response compared with other vaccine candidates 

(Geisbert et al., 2010).  

Another widely used vaccine development method is VLPs. At the beginning of the 21st century, 

a VLP system was used in MARV vaccine development (Warfield & Aman, 2011). A VLP 

vaccine generated using MARV GP and VP40, demonstrated 100% protection in guinea pigs and 

elicited anti-MARV GP and VP40 antibodies in the serum. There are some studies suggesting the 

protection from MARV VLP vaccine in guinea pigs is dependent on CD4+ T cell responses, and 

that only limited CD8+ cell response was involved (Warfield et al., 2004). Moreover, another 

group introduced a MARV Musoke VLP vaccine that can fully protect both guinea pigs and 

NHPs from MARV wild type and RAVV challenges(Swenson et al., 2008).  

Viral vectors are also commonly used in MARV vaccine development. The two vectors most 

widely used for development of MARV vaccines are the adenovirus- (Ad) vectored vaccines, and 

the vesicular stomatitis virus (VSV) vectored vaccines. It is reported that Ad-based vaccines can 

provide complete protection against MARV infection in guinea pigs and NHPs (Geisbert et al., 

2010). Anti-MARV IgG titer was high in the serum, and a T cell response was also detected after 

the vaccinations. However, the immune response against Ad vector may cause some problems 

when it is used in humans. As for the VSV-based MARV vaccine, a VSV expressing MARV GP 

can provide complete protection against MARV infection in NHPs. Furthermore, some studies 

showed VSV-MARV-GP can also elicit partial protection as early as seven days following 

immunization(Feldmann & Geisbert, 2011). Some publications also showed up to 100% 

protection in post-exposure experiments with a low dose virus challenge (Cross, Mire, 

Feldmann, & Geisbert, 2018). A single dose vaccination of VSV-MARV GP (Musoke) can 

provide complete protection in NHPs against RAVV, MARV Musoke, and MARV Angola. A 
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high level of IgG titer was detected in serum, but the neutralizing antibody titer was quite 

limited. Unlike the Ad5 vaccines, no T cell-mediated responses can be detected in NHPs after 

immunization with VSV-MARV-GP. The VSV-MARV-GP can be detected in the blood for only a 

few days after vaccination, which suggests the replicating live VSV vaccine is safe for use. On 

the other hand, although the VSV-MARV-GP was well tolerated and can induce protective 

immunity in immunodeficient mice and NHPs, the safety of the VSV vector for immunodeficient 

individuals still requires more evidence (Feldmann & Geisbert, 2011).  

Recently, a rabies virus vector was reported for the filovirus vaccine development as well. For 

safety reasons, the rabies virus vaccine needs to be attenuated or inactivated. In BALB/c mice, 

the rabies virus-based MARV GP vaccines can provide 92% protection with a high antibody 

response, but the neutralizing antibody response is undetectable (Keshwara et al., 2018). 

Surprisingly, an NK cell-dependent antibody-dependent cell-mediated cytotoxicity (ADCC) was 

observed both in vitro and in vivo assay. This suggested ADCC might play some roles in the 

protection by MARV vaccines, as most of the vaccines can only induce limited neutralizing 

antibody response. 

1.3.2 Treatment Development 

There are still no approved treatments against filoviruses, despite numerous treatment candidates 

have been reported to be in development. Recently, direct-acting antivirals and immune 

therapeutics are the main types of treatments against filovirus.  

Several direct-acting antivirals showed up to 100% protection against both EBOV and MARV 

(Liu et al., 2017). For example, BCX4430, Favipiravir (T-705) and GS-5734 all showed up to 

100% survival in mouse and NHP models against MARV and EBOV (Liu et al., 2017). 

However, the clinical trial data from the Western Africa EVD outbreak showed two antivirals, T-

707 and TKM-Ebola, which only provided limited protection (46% and 25%). On the other hand, 

immune therapeutics against EVD showed more positive results compared with the small 

molecule drugs. Interferon β-1a (IFN-β-1a) showed partial protection in mouse and NHP models 

against EBOV exposure (Konde et al., 2017). The clinical trial showed a 66% protection during 

the outbreak, although only nine patients were treated. Therefore, several studies suggested IFN-

β-1a was a good adjuvant in the treatment against filovirus. Another immune therapeutic, a 
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mAbs combination, was suggested to be one of the best treatment candidates against EBOV 

(Escudero-Pérez & Muñoz-Fontela, 2019). ZMapp, a cocktail of three humanized mAbs against 

EBOV GP, was the only antibody-based treatment that has been tested in a clinical trial (Qiu et 

al., 2011). ZMapp showed up to 100% protection in EBOV infected NHPs, and it could provide 

partial protection in NHPs when the treatment was given after the viremia was detectable (Qiu et 

al., 2012). During the 2013-2016 EBOV outbreak, 36 patients were treated by ZMapp and 28 of 

them survived (Group et al., 2016).  

There are already more than 500 anti-EBOV mAbs which were isolated from vaccinated animals 

and rehabilitated patients (Zhao et al., 2017). Most of these mAbs showed neutralization and 

provided protection in animals. However, all the neutralizing mAbs against MARV were from 

human survivors. There is still no report about the neutralizing mAbs isolated from immunized 

animals, even though the methods of mAbs development and the vaccine templates were all 

similar to EBOV. It is still unknown why neutralizing mAbs cannot be generated through 

vaccination.  
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1.4 Rationale  

Antibody-based treatments are expected to be one of the best treatment candidates against 

filovirus. Neutralization was suggested to be the key function of antibody protection. 

Development of anti-MARV neutralizing mAbs in mice could efficiently provide therapy 

candidates. Anti-EBOV neutralizing mAbs can be generated from immunized animals, but that is 

not the case for MARV. In this case, the differences between MARV and EBOV should be the 

keys of the anti-MARV neutralizing mAbs generation. 

In this study, VSV vaccines expressing MARV GP or MLD deleted MARV GP were evaluated 

and used to develop anti-MARV GP mAbs. The vaccine evaluations can help to build up a better 

understanding of the MLD functions. Additionally, this study shows some evidence about 

whether the different position of the MLD between EBOV GP and MARV GP is the reason why 

the generation of anti-MARV neutralizing antibody is difficult.  

 

1.5 Hypothesis 

The hypothesis of this study is: 

A vaccine expressing the mucin-like domain deleted GP (ΔMucGP) of Marburg virus will 

yield more and better neutralizing mAbs than a vaccine expressing the full GP. 

To support this hypothesis, the two following objectives were performed in this study: 

1. Evaluation of two vaccines. To evaluate the two VSV vaccines expressing MARV GP or 

MARV ΔMuc GP, several experiments were performed, such as virus growth kinetics, vaccine 

efficacy evaluation and the detection of viral RNA levels.  

2. Development of monoclonal antibodies by using both the VSV-MARV-GP and VSV-

MARV-ΔMuc GP. For each vaccine, 3 fusions were completed. All the anti-MARV GP mAbs 

were screened by ELISA and GFP-based neutralization assay. 
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CHAPTER: 2      METHOD & MATERIAL 

2.1 Biosafety 

Mouse-adapted MARV (Angola) used in the experiments performed in the Biosafety level 4 (BSL4) 

laboratory located in the Canadian Science Center for Human and Animal Health (CSCHAH) 

which is part of the Public Health Agency of Canada’s (PHAC) National Microbiology Laboratory 

(NML).  

 

2.2 Cell lines & Viruses 

2.2.1 Vero-E6 Cell line 

The Vero-E6 cell line was bought from the American Type Culture Collection (ATCC). Following 

the protocol provided by ATCC, Vero-E6 cells were grown in T-75 or T-150 cell culture flasks 

(Corning) with Dulbecco's Modified Eagle Medium (DMEM; Hyclone) mixed with 5% Fetal 

Bovine Serum (FBS; Hyclone), 1% L-Glutamine 100x solution (L-Glu; Hyclone) and 1% 

Penicillin-Streptomycin 100x solution (P/S; Hyclone).  

The cells were split when they reached more than 80% confluence. The media was removed from 

the flask and the remaining medium was washed using Phosphate Buffer Saline (PBS; NML Media 

service) to make sure the serum was completely removed. Three milliliters of Trypsin-EDTA 

(0.25%; Gibco) was added to the flask which was incubated for around 3 min to let the cell layer 

disperse. Seven milliliters of growth medium was added and mixed to inactivate the trypsin. 

Approximately 10% of the volume was left in the flask and about 14 ml of fresh complete growth 

medium was added. The flask was returned for incubation at 37 °C with 5% CO2. 

 

2.2.2 Myeloma Cell line 

The Myeloma cell line, P3X63Ag8U.1, was bought from the ATCC. Cells were grown in T-25 

sterile tissue culture flask (Corning) with Roswell Park Memorial Institute 1640 Medium (RPMI 
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1640; Hyclone) mixed with 10% FBS, 1% L-Glu and 1% P/S. The cells were passaged when the 

medium color changed from red to orange. Gently mixing the suspension and removing around 

90% of the culture. About 9 ml fresh complete growth medium was added and the flask was 

incubated at 37 °C with 5% CO2. 

2.2.3 Vesicular stomatitis virus (VSV) 

All the VSV vaccines or viruses used in experiments were obtained from the previous works (Hagan 

et al., 2007). The vaccine or virus genome designs are shown in Figure 2. VSV-wild type (VSV-

WT; John Rose, Yale University) was used as a vector control in the vaccine evaluation 

experiments, all the gray boxes in Figure 2 show the original proteins of VSV wild type. The two 

vaccines, VSV-MARV-Full GP and VSV-MARV-ΔMuc GP, were generated by replacing the initial 

VSV G protein gene with MARV GP or ΔMuc GP genes. In Figure 2, MARV GP or ΔMuc GP 

genes are indicated as blue and located between the M and L protein genes. These vaccines express 

the MARV GP or ΔMuc GP on the surface of VSV, which worked as antigens and play roles in 

viral attachment to and entry in cells. The VSV-MARV-GP GFP was used for the GFP-based 

neutralization assay, the titre of VSV-MARV-GP GFP was 5.95 x 10^6 pfu/ml. It was constructed 

by inserting a green fluorescent protein (GFP; marked as green in Figure 2) gene between MARV 

GP and original L genes.  

All the viruses were grown on Vero E6 cells in T-75 cell culture flasks (Corning). Two flasks with 

more than 80% confluency were required. One was for the virus infection, and another one was 

for mock control to confirm the cell state. Stocks of VSV vaccines were thawed and diluted with 

DMEM (Hyclone) to a ratio of 1:100. All the culture medium in the flasks was removed, and 5 ml 

of diluted vaccines were added for virus adsorption (5 ml plain DMEM media to mock control). 

The cells were incubated for 1 hour and gently rocked every 15 min during the incubation. Growth 

medium (DMEM with 2% FBS, 1% L-Glu and 1% P/S) was added to each flask to make the 

medium reach 20 ml. All the flasks were incubated at 37°C and monitored for cytopathic effect 

(CPE) every 24 hours until less than 20% of the monolayer was intact. All supernatants were 

transferred to a 50 ml conical centrifuge tube (Falcon) and spun for 10 minutes at 2500 rpm, 4 °C. 

The supernatant were collected and supplemented with FBS (Hyclone) to make the final 

concentration of serum 10%. Then, the stock was aliquoted and stored at -80°C.  
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Once the storage was done, the titers of new viruses were also measured with using the median 

Tissue Culture Infectious Dose (TCID50) method. Vero E6 cells were seeded in 24-well plates 

(Corning) with 1 ml of medium per well (DMEM with 5% FBS, 1% L-Glu and 1% P/S). The cells 

would be used when they reached more than 80% confluency. Different dilutions of virus stock 

from 1:100 to 1:108 were made for the infection. All the medium was removed from the 24-well 

plates (Corning) and 250 μl diluted viruses or plain DMEM were added to each well, with each 

dilution made in quadruplicate. The plates were incubated one hour at 37 °C to allow the viruses 

to attach to the cells. After the incubation, the virus inoculum was removed and replaced with 1 

ml of fresh medium (DMEM with 2% FBS, 1% L-Glu and 1% P/S). All the plates were incubated 

again at 37 °C, and all the cells were monitored for CPE every 24 hours to calculate the TCID50 

based on the Reed and Muench method. 
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Figure 2. The VSV vaccines design. VSV-wild type (VSV-WT) was used as a vector control in 

the vaccine evaluation experiments, all the gray boxes showed the original proteins of VSV wild 

type. The two vaccines, VSV-MARV-Full GP and VSV-MARV-ΔMuc GP, were built up by 

replacing the initial VSV G protein gene with MARV GP or ΔMuc GP genes. MARV GP or 

ΔMuc GP genes were indicated as blue located between M and L protein genes. These vaccines 

could express the MARV GP or ΔMuc GP on the surface of VSV, which worked as antigens and 

play roles in viral attachment to and entry in cells. The VSV-MARV-GP GFP was used for the 

GFP-based neutralization assay. It was constructed by insert a Green fluorescent protein (GFP) 

gene between MARV GP and original L genes. 
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2.2.4 Marburg virus (MARV) 

The virus used for the vaccine evaluation studies was the mouse-adapted Marburg virus 

(Marburg virus NML/M.musculus-lab/AGO/2005/Ang-MA-P2). The virus stock was from the 

previous study (Qiu et al., 2014), and the median Lethal dose (LD50) of this stock was calculated 

to be 0.05 TCID50 for BALB/c mice. 

2.3 In vitro Assay 

2.3.1 Vaccine growth curve 

The three viruses, VSV-MARV-Full GP, VSV-MARV-ΔMuc GP, and VSV-MARV-GP GFP were 

used to make a growth curve. Vero E6 cells were seeded and grown in cell-bind surface 6-well 

microplates (Corning) with 2.5 ml medium (DMEM with 5% FBS, 1% L-Glu and 1% P/S). The 

cells were infected at 80% confluency at a multiplicity of infection (MOI) of 0.1 (Around 1.2 * 

10^6 cells/well, 1.2 * 10^5 pfu/well). Each virus was diluted in triplicate compare the viruses. 

For the virus infections, the cells were infected with 250 µl of virus inoculum. The plates were 

incubated at 37°C for 1 hr with gentle rocking every 15 min. The inoculum was removed and 

replaced with growth medium (DMEM with 2% FBS, 1% L-Glu and 1% P/S) was added. The 

plates were incubated at 37°C and the supernatant was collected every 24 h for five days. 

Each supernatant sample was titered using the TCID50 method described in section 2.2.3. In this 

case, every virus had 9 TCID50 data for each time point. 

2.3.2 Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISAs were used to quantify the antibody titers in the serum of vaccinated mice and hybridoma 

supernatants. Half-area 96-well RIA/EIA plates (Corning) were coated with 30 μl recombinant of 

Marburg virus  Angola glycoprotein minus the transmembrane region (MARV-Angola 

rGPΔTM; IBT Bioservices) at 1 𝜇𝜇g/ml overnight at 4 °C. One hundred microliters of 5% Skim 

Milk (Difco) in PBS (NML Media service) was used to block the plate for 1 h at 37°C.  

For the serum, dilutions the initial dilution was 1:100 with 2-fold serial dilutions in 2% skim 

milk (Difco). The blocking buffer was removed and 30 μl of diluted serum samples were added 
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to the plate, in duplicate. The plates were then incubated 1 h at 37°C. For the supernatant 

samples, 30 μl of supernatant from hybridomas were added after removing the blocking buffer. 

The plates were washed 4 times with 0.1% PBST (PBS with 0.1% Tween-20; Fisher) using a 405 

LS Microplate Washer (BioTek). Next, secondary antibodies, goat anti-mouse IgG Fab-HRP 

(SouthernBiotech), were diluted at the ratio of 1:2000 with 2% skim milk. The 30 μl of diluted 

secondary antibody was added to each well of the washed plates. All the plates were incubated at 

37oC for 1 hour. After the incubation, the plates were washed 4 times and 50 𝜇𝜇l of pre-warmed 

3,3’,5,5’-tetramethylbenzidine (TMB; ThermoFisher) were added. All the plates were incubated 

in the dark at room temperature for 30 min. A pre-warmed VersaMax microplate reader 

(Molecular Devices) was used to read all the plates at 650 nm. 

For serum IgG detection, the antibody titre was measured as the last dilution where the sample 

had an average optical density at 650 nm (OD650) of more than 0.1. As for the supernatant IgG 

titre, the OD650 number was directly used as the result. 

 

2.3.3 GFP-based neutralization assay  

Vero E6 cells were seeded in 96-well clear bottom black polystyrene multicoated microplates 

(Corning), the cells were infected when they reached at least 80% confluency. Two-fold serial 

dilutions of the samples were performed in plain DMEM (HyClone) in 2 ml 96-well V-Bottom 

polypropylene deep well plate (Corning). A 2X virus solution in plain DMEM was prepared at 

the same time, 672 μl (for MOI 0.1; around 4 * 10^4 cells/well, 4000 pfu/well) of virus stock 

were transferred into 10 ml of DMEM (scaled up when there were too many samples), and the 

solution was briefly mixed by inversion several times. The samples (antibody or plain DMEM, in 

triplicate) and 2X virus dilution were mixed in equal volume and all the mixtures were incubated 

at 37 °C for 1 hour. After the incubation, 100 μl of mixture were transferred from deep blocks to 

cells in 96 well plates. The plates were incubated at 37 °C for 1 hour. The viral inoculum was 

removed and 200 μl of medium (DMEM with 2% FBS, 1% L-Glu and 1% P/S) were added to 

each well. All plates then were incubated at 37°C with 5% CO2 and read 48 hours after the 

infection. 
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Synergy HTX hybrid multi-mode reader (BioTek) was used to read the plates. Before reading, 

blue paper towel (Scott) with 5% Micro-Chem plus (NCL) was used to clean the whole outer 

surface of each plate. The reading results were calculated using the equation: Infection% = 100 * 

(Samples - Background) / (Positive control - background).   

 

2.4 In vivo Assay 

All the studies were completed in consonance with Canadian laws and following guidance from 

the Canadian Council on Animal Care. The protocols (H15-013 and H-18-015) were approved by 

the Animal Care Committee of the CSCHAH. All the experiments involving live Marburg virus 

were accomplished in the Containment Level 4 laboratory in the National Microbiology 

Laboratory of the Public Health Agency of Canada.  

Six to eight week-old female BALB/c mice were used in all experiments. Mice were ordered in 

consultation with the head of Veterinary Technical Services (VTS) and obtained from Charles 

River Laboratories or Jackson and shipped to Winnipeg according to the guidelines for transport 

of live animals. All animals were transferred to appropriate animal cages and given food, water, 

and environmental stimulation.  

2.4.1 Vaccine evaluation 

2.4.1.1 Experiment design 

The purpose of this study was to evaluate the efficacy of the two vaccines: VSV-MARV-GP and 

VSV-MARV-ΔMuc GP.  

Fifty-four mice were divided into three groups (18 mice per group). Animals in group 1 were 

vaccinated with VSV-MARV-GP, mice in group 2 were vaccinated with VSV-MARV-ΔMuc GP, 

and all animals in group 3 were immunized with VSV-wt. The vaccination plan was shown in 

figure 3. The challenge day was measured as day 0. All animals were vaccinated at 28 days before 

infection with 200 μl of vaccines (3 x 10^5 pfu) by intraperitoneal injection (i.p.) at two sites in 

the peritoneal cavity. All the mice were anesthetized by inhalational isoflurane with oxygen during 

the vaccination. All the mice were challenged with 2000 times the LD50 of MA-MARV Angola at 
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day 0 by i.p. injection in CL4. And the injection method was the same as with the vaccine injection. 

Four mice from each group were randomly selected and euthanized at 4 days post-infection (dpi) 

(12 mice total) and 6 dpi (12 mice total) to collect blood and tissues (liver, spleen, kidney, lung) to 

evaluate vaccine efficacy and perform virus titrations.    
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Figure 3. The timeline of vaccine immunization and samples collection. Animals in group 1 

were vaccinated with VSV-MARV-GP, mice in group 2 were vaccinated with VSV-MARV-ΔMuc 

GP, and all animals in group 3 were immunized with VSV-wt. The vaccination plan was shown 

in figure 3. The challenge day was measured as day 0. All animals were vaccinated at -28 days 

post infection (dpi) with 200 μl vaccines (3 x 10^5 pfu) by intraperitoneal injection (i.p.) at two 

sites in the peritoneal cavity. All the mice were anesthetized by inhalational isoflurane with 

oxygen during the vaccination. All the mice were challenged with 2000 times LD50 of MA-

MARV Angola at day 0 by i.p. in CL4. And the injection method was the same as the vaccine 

injection. Four mice from each group were randomly selected and euthanized at 4 dpi (12 mice) 

and 6 dpi (12 mice) to collect blood and tissues (liver, spleen, kidney, lung) to evaluate vaccine 

efficacy and virus titrations. 
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2.4.1.2 Blood collection 

The blood was collected at a volume of about 0.1 ml per animal. Blood was collected in EDTA 

tubes to assess the viral burden (post-challenge), and in serum tubes to measure the serological 

response (antibody titer and neutralization). The blood and serum sampling days were marked in 

Figure 3. At 0 day post vaccination (dpv; “pre-serum”), 14 dpv, and 28 dpv, serum was collected 

from all mice. Blood was collected in serum tubes using a terminal bleed for all the animals 

euthanized on days 4 and 6 post-infection. All survivors were euthanized at the end of the 

experiments (28 dpi), and their blood and serum were collected. Serum samples were used to 

determine antibody titer and neutralization titers. The blood samples were used to measure the 

levels of viremia using RT-qPCR.  

The QIAamp Viral RNA Mini Kit (Qiagen) was used for the blood sample RNA extractions. One 

hundred and forty microliters of blood was transferred into 560 µl of AVL, and the mixture was 

vortexed for around 15s. The liquid was collected to the bottom of the tube by centrifugation. After 

a 10 min incubation at room temperature, the blood/AVL were moved into 560 µl ethanol in fresh 

tubes. The same centrifuge and incubation were performed as the previous step. The tubes were 

removed from high containment following standard operating procedures. The next extractions 

were completed performed in a biosafety level 2 laboratory.  

All the ethanol tubes were checked in a biosafety cabinet (BSC) before opening. The filtrate was 

disposed of in 5% Micro-Chem plus (NCL). The extractions were performed as described by the 

supplier. The samples were eluted in 60 μl of AVE buffer. After the RNA extraction, all the RNA 

samples were stored at -80 °C. 

2.4.1.3 Tissues collection 

The euthanized mice at 4 and 6 dpi were also collected tissues (liver, kidney, spleen, and lung), 

which were used for viremia viral genome equivalents (GEQ) test. RNeasy Mini Kit (Qiagen) was 

used for the tissues viral RNA extraction. 600 μl buffer RLT (provided in the kit) were prepared in 

2 ml centrifuge tube in advance. Up to 30 mg tissues samples were collected, then these tissues 

samples were performed disruption and homogenization by using RLT buffer. A 20000 xg 

centrifuge was displayed and all the supernatant were collected.  An equal volume of 70% ethanol 

was mixed with the supernatant, and then following the protocol in Containment Level 4 (CL4), 
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all the tubes were sterilized. The remaining RNA extraction steps were finished at biosafety level 

2 laboratory. 

All the tubes were checked in a biosafety cabinet (BSC) before open, 5% Micro-Chem plus (NCL) 

was also used for the filtrate. 700 μl samples were moved to the RNesay spin column (Qiagen) and 

centrifuged at 8000 x g for at least 1 min. This step was repeated until all the samples were done. 

700 μl RW1 wash buffer (provided in the kit) were added into the column and centrifuge for 1 min 

at 8000 x g. The columns were then washed two times with 500 μl RPE Buffer (provided in the 

kit, 220 ml ethanol were added before use) by centrifuge at 8000 x g for 3 min. An additional 

centrifuge step was performed after the RPE buffer washing to confirm all the RPE was removed. 

At last, 50 μl RNase-free water were used for each column to elute the rival RNA. All the RNA 

samples were labeled and stored at -80 oC. 

2.4.1.4 Daily monitoring  

Animals were observed twice daily during acclimatization and convalescence by the person in 

CL4.  In addition to observing the animals directly within the animal facility, the animals also were 

regularly observed by using the closed-circuit television system in the BSL4 laboratory. The 

survival rate was calculated until the endpoint of the experiment (28 dpi). Survival curves were 

compared using the Mantel-Cox log-rank test. 

The weight and clinical score of every mouse were assessed every day until 13 days post infection.  

The clinical score for the mouse was measured in four different stages. A clinical score of 0 meant 

there were no clinical signs. A clinical score of 1 was given to the animals who suffered fur ruffled, 

low activities, more than 10% weight loss than the first day and food intake decrease. When the 

mouse showed Paralysis, labored breathing, hunched posture and bleeding, the clinical score 2 will 

be given. Clinical score 3 was given when the mouse was dead or Euthanasia. When the mouse 

showed clinical signs more serious than a score, for example, more than clinical score 1, but not 

reached the next score yet, this mouse was given a clinical score 1.5. Euthanasia was performed at 

the endpoint of experiment or when a mouse reaches the clinical score 2 but also had some other 

clinical signs like no movement or more than 20% weight loss compared with the 0 dpi.  
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2.4.1.5 Quantification of viral genome equivalents (GEQ)  

All the viral RNA samples were tested with the method of RT qPCR. QuantStudio 3 Real-Time 

PCR System (Life Science) and the LightCycler 480 RNA Master Hydrolysis Probes kit (Roche) 

was used for the experiment, and Thermo Fisher Cloud was used for the data analyzed. The 

cycling conditions, MARV L gene standard, primers and probe used in this experiments was the 

same as the previous publication (Zhu, Zhang et al,. 2018). The results of the RT-qPCR were 

analyzed by the method of one-way ANOVA test with Bonferroni's multiple-comparison 

correction. 

2.4.2 Monoclonal antibodies (mAbs) generation 

2.4.2.1 Immunization of mice 

Two groups of mice were immunized separately with VSV-MARV-GP and VSV-MARV-ΔMuc GP. 

The pre-sera were collected before the first immunization, which was used as a baseline for the 

antibody evaluated. For each immunization, 100 μl vaccine (dose ~3 x 10^ 6 TCID50/ml in 10% 

FBS + DMEM) were injected intraperitoneally (i.p.; 50 μl per side). Vaccines were injected every 

three weeks, and sera were collected before the immunization. 

All the collected serum samples were used to detect the anti-MARV GP IgG titer following the 

method of ELISA (mentioned at 2.3.2 ELISA). The sample dilution in this experiment was 

different, all the serum samples were diluted by the ratio of 1:400 in triplication to make the quick 

screen. After four- or five-times immunization, two mice in each group were chosen based on the 

anti-MARV GP antibody level. A final boost with purified MARV GP (100 μg in a total volume of 

100μl) was performed to these chosen mice. After 3 – 5 days of the final boost, the spleens and 

sera were collected for the next step.  

2.4.2.2 Myeloma cells for fusion 

ClonaCell-HY Hybridoma Cloning Kit (STEMCELL) was used for Hybridoma development. 

Following the protocol of this kit, the myeloma cells were prepared at least one week in advance 

to confirm the cell was adapted to the hybridoma fusion media. Used the method mentioned in 

2.2.2 to keep P3X cells growing before the experiments started. When the experiment started, 

change the growth media with 50% complete growth medium used in 2.2.2 and 50% Media A 
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(STEMCELL; the media for myeloma growth and Hybridoma expansion). After 1-2 passages, 

change the media to 100% Media A (STEMCELL) and seeded cells in T-150 flask (Corning). In 

Total, 2 x 10^7 myeloma cells were required for the hybridoma fusion, but more than 3.2 x 10^7 

myeloma cells were prepared to avoid the shortage of cells. At the day of spleen collection, there 

were eight T150 flasks with the cell density of ~ 2 x 10^5 cells/ml.  

2.4.2.3 Fusion 

At the spleen collection day, prepared the myeloma cells at first to keep the viability of Splenocytes 

as high as possible. The myeloma cells were centrifuged at room temperature at 300 x g for 10 

min, then the supernatant was removed, and the cells were washed three times by using 30 ml 

Medium B (STEMCELL; The media for cell washing and hybridoma screen). The washing step 

was the same with the previous centrifugation. After the washing, the cell pellets were re-

suspended with 50 ml of Medium B. Cellometer Auto T4 Bright Field Cell Counter (Nexcelom) 

was used for the Myeloma cells counted. 10 μl cell culture was diluted with 90 μl PBS to increase 

the cell counting sensitive. 100 μl of 0.4 % w/v Trypan Blue (STEMCELL) was added into the 

diluted cell culture. After a gently mixing, 20 μl of the mixture was pipetted to a disposable 

hemacytometer (Nexcelom), and a repeat will be done at the same time. After the cell counting, 

the myeloma cells were incubated at 37 0C until the fusion. 

The spleens were removed and placed in 5 ml Medium A, the fatty tissue stick on spleen was 

trimmed off. Two 50 ml centrifuge tubes (Falcon) with Medium B and cell strainers (Falcon) were 

prepared. The cell strainer was put on the centrifuge tubes and the Medium B media was added 

into these tubes until the screen was rinsed by the media. The spleen was moved on the cell strainer, 

and a plunger of a 3 ml syringe was used to grind the spleen cells out of spleen. Once all four 

spleens were ground, Medium B was used to wash the splenocytes at room temperature at 400 x g 

for 10 min. The washing step was performed three times, and for each time the cell pellets were 

re-suspended gently to keep the viability of splenocytes. After washing, the splenocytes were re-

suspended in 25 ml Medium B, and the cell suspension was incubated at 37 0C until fusion. 10 μl 

of cell culture was added into 90 μl of 3% Acetic Acid with Methylene Blue (STEMCELL) to 

count the spleen cells. 20 μl of the mixture was pipetted disposable hemacytometer (Nexcelom) in 

duplicate and counted with Cellometer Auto T4 Bright Field Cell Counter (Nexcelom).  
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Based on the cell density calculated previously, the incubated myeloma cells and splenocytes were 

mixed together with the ratio of 1:5. All the splenocytes were used and a suitable volume of 

myeloma cells was added. The mixture was centrifuged at 400 x g for 10 min. All the supernatant 

was discarded and the pellets were disrupted by gently tapped the tube. Pre-warmed ClonaCell-

HY PEG Solution (PEG; STEMCELL) was added slowly to the pellet by drop. The cells were then 

gently stirred with a pipette tip for one minute. Pre-warmed 4 ml Medium B was added by drop, 

and a gently stir was performed at the same time. After the mix, 10 ml Medium B were slowly 

added to the cells, then all the tubes were incubated at 37°C for 15 min. After the incubation, 30 

ml of pre-warmed Medium A were added to each tube, then all the cells were centrifuged for 7 min 

at 400 x g. The supernatant was removed, and 40 ml Medium A was used to wash the cells again 

at 400 x g for 10 min. The cell pellets were then gently re-suspended with 10 ml Medium C 

(STEMCELL; media for hybridoma recovery). The cells from each group were then transferred to 

T-75 flasks (Corning) separately, and additional Medium C were added to make the volume of 

media reach 30 ml. All the flasks were then incubated at 37 0C in 5% CO2 for 24 h. 

2.4.2.4 Selection and Cloning 

Medium D (STEMCELL; A semi-solid media for the hybridoma selection) was thawed one day in 

advance at the fridge. On the day of fusion, the Medium D was pre-warmed at room temperature. 

The fused cell suspension was centrifuged at 400 x g for 10 min, the pellets were then re-suspended 

with 10 ml Medium C. All the cell cultures were moved into 90 ml Medium D, then the bottles 

were inverted gently to mix. These bottles were then incubated at 37 0C for at least 15 min to make 

the bubbles moved to the top. 12 mL syringes (BD) with blunt-end 16-gauge needles (STEMCELL) 

were used to slowly move 9.5 ml of cell culture into each of ten 100 mm TC-treated cell culture 

dishes (Falcon). All the plates were incubated at 37 0C in 5% CO2 for 10-14 days until the colonies 

of hybridoma growth up. During the incubation, all the dishes were stationary to avoid the runny 

or hazy colonies. 

2.4.2.5 Hybridoma screen 

10 to 14 days after the fusion, the hybridoma colonies were available to pick. A pipettor set to 10 

μl with 100 μl tips were used to transfer the colonies to 96-well plates with 200 μl Medium E 

(STEMCELL; media for hybridoma growth) per well. The transferred colonies were then pipetted 
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various times to re-suspend. All the plates were incubated at 37 0C in 5% CO2 for 1 to 4 days. A 

daily monitor was performed, and 150 μl supernatant were collected from each well when the 

medium turned orange. Transferred 150 μl fresh Medium E to each well and the plates were 

incubated again. 

Followed the method of 2.3.2 ELISA, all the collected supernatant was screened the anti-MARV 

GP antibody levels. When the OD650 was more than 1.0, this hybridoma was then transferred to 

24-well plates for a continue growing. After a secondary screen of ELISA, the hybridoma, which 

contained high antibody level in the supernatant, was transferred to T-25 flasks for continue 

growing. The growing media in T-25 flasks was 50% Medium A with 50% Medium E. When the 

hybridoma cells were adaptive with the mixed media, 5-10 ml hybridoma cell suspension were 

transferred to T-75 flasks growth with 20 ml Medium A. When the cells density was around 4 x 

10^5 cells/ml, all the supernatant was collected, and the cells were frozen with freeze solution (20% 

DMSO, 80% FBS) in -800C. Each freeze tube contained at least 2 x 10^6 cells. The collected 

supernatant was used for the neutralizing antibody test followed the method of 2.3.3 GFP-based 

neutralization Assay.  
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CHAPTER: 3      RESULTS 

3.1 Vaccine evaluation 

3.1.1 Virus growth kinetics 

To characterize the growth kinetics of these three vaccines or viruses, recombinant VSV growth 

curve in Vero-E6 cells was conducted (Figure 4). The viral titers in the supernatant of three 

viruses increased speedily at the first 48 hours after infection. The viral titers of VSV-MARV GP 

and VSV-MARV-GP GFP reached the maximum, around 2 x 10^6 TCID50/ml, at 72 hours post 

infection. The viral titers of VSV-MARV-ΔMuc GP were continually increasing until 96 hours 

reached about 4 x 10^6 TCID50/ml. The concentration of VSV-MARV-GP GFP was jumping 

down almost 10 times lower at 96 hours post-infection (hpi) compared with the titer of 72 hpi, 

and the viral titers were continuing to reduce until the endpoint at 120 hours post-infection. As 

for the VSV-MARV-GP group, the number of infectious viruses showed a mild decrease from 

72 h to 120 h. The viral titer of VSV-MARV-ΔMuc GP decreased to the same level as VSV-

MARV-GP group at the endpoint of the experiment.  

After 72 hours post infection, the viral titers of the three viruses showed some differences. The 

reduction of VSV-MARV-GP GFP viral titers was probably due to the cytotoxicity of the cells. 

By checking the wells under a microscope, more than 80% of CPE was found at 96 h. Almost all 

the cells were dead at the end of experiments. As for VSV-MARV-GP and VSV-MARV-ΔMuc 

GP, the difference between them was not significant (p > 0.1). Under the microscope, the 

percentage of CPE of each well was also similar, but one of the ΔMuc GP wells contained more 

cells than any other wells, which could be the reason of the continuing increase at 96 h.  
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Figure 4. Vaccines growth curves in Vero-E6 cells. VSV-MARV-GP was marked with the 

color of pink, VSV-MARV-ΔMuc GP was marked by yellow and the VSV-MARV-GP GFP was 

in the color of green. 
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Based on the results of this experiment, the VSV-MARV-GP and VSV-MARV-ΔMuc GP were 

infectious, and the growth kinetics in Vero-E6 cells of two vaccines were similar. It suggested 

the two vaccines could be used for the vaccine evaluations. The VSV-MARV-GP GFP virus was 

infectious, and the best reading time point for the GFP-based neutralization assay was 48h or 

72h. 

3.1.2 Vaccine efficacy evaluation 

To evaluate the VSV-MARV-Full GP and VSV-MARV-ΔMuc GP, the survival study of MA-

MARV challenge in balb/c mice was performed. The VSV-MARV-GP group was marked as 

group 1, VSV-MARV-ΔMuc GP group was marked as group 2 and the vector control group was 

marked as group 3. All the mice in each group were numbered from 1 to 18. Based on the 

experiment design (Figure 3), all the mice were challenged via the intraperitoneal route (i.p.) 

with 2000 x LD50 MA-MARV at challenge day, 10 mice from each group were used for the 

survival study.  

3.1.2.1 Survival rate and weight change 

The survival rate was shown in Figure 5A. The color in pink was the survival rate change of the 

control group (VSV-WT), all the ten mice in this group dead before 8 dpi. One mouse was found 

dead a half day after the MA-MARV injection, which was dead due to the i.p. injection. At 6 dpi, 

one mouse reached the clinical score 2 (Figure 6C) and it could not move, so this mouse was 

euthanized followed the method of 2.4.1.4. There was also another individual found dead at 6 dpi 

in this group. Furthermore, all the other 7 mice in VSV-WT group were found dead at 7 dpi. As 

for the two vaccine groups, all the fatal animals were found at 7dpi. For group 1, eight mice 

survived until the endpoint of the experiment. 6 out of 10 mice survived in group 2. There was 

no statistical difference between the two vaccinated groups (p > 0.05). Compare with the vector 

control, both vaccine groups showed significance (In Figure 5A the significant star *: p < 0.05; 

**: p < 0.01; ***: p < 0.001). 
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Figure 5. The survival rate and Weight change of MA-MARV infected mice. (A) The 

survival rate of three vaccination groups. (B) The weight change percentage of three vaccination 

groups. Statistical comparisons between each group were performed using the Mantel-Cox (log-

rank) test: *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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The weight of each mouse was also recorded daily until 13 dpi. figure 5B showed the average 

weight loss percentage for each group, the baseline of each group was the 1 dpi average weight. 

The color of each group was the same as the survival rate graph. The average weight of group 3 

increased a little bit at 2 dpi and declined from 3 dpi to 7 dpi until all the mice died. Average 

weight change of two vaccine groups showed similar tides. Weight increase was observed in 

both two vaccine groups before 4 dpi. The weight dropped at 5 and 6 dpi, then recovered at 7 dpi 

because the sick mice all dead at this day. From 7 dpi to 14 dpi, both groups average weight 

percentage remained a level with mild fluctuation. At 5 and 6 dpi, the weight decreases of group 

1 were significantly more than those of group 2 (p < 0.05).  

3.1.2.2 Clinical score 

To assess the clinical signs of each mouse, the clinical scores were evaluated once the weights of 

mice were measured. Figure 6 showed all the 30 mice clinical scores from 1 dpi to 13 dpi. For 

the VSV-MARV-GP group (Figure 6A), the two dead animals #2 and #5 showed some clinical 

signs at 5 and 6 dpi, then were found dead at 7 dpi. All other animals in this group do not contain 

any clinical signs. As for the VSV-MARV-ΔMuc GP group shown at figure 6B, the four fatal 

mice were found more or fewer syndromes at 5 dpi, and all of them were found dead at 7 dpi. 

Only mouse #1 and #11 in this group did not show any clinical signs from the beginning to the 

endpoint. The other four survivals were observed up to 1.5 clinical scores, but all of these four 

sick mice recovered at 8 dpi and did not relapse until the end of the experiment. The earliest 

clinical signs appeared at the vector control group (Figure 6C), #1 mice in this group was 

observed ruffed fur and more than 5% weight loss at 4 dpi. As mentioned at 3.1.2.1, animal #18 

was found dead after the injection, so the clinical score was marked three at the beginning of the 

experiment. All the mice were sick after 5 dpi, and there were no survivors after 7 dpi.  
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Figure 6. The clinical score for individuals in each group. Clinical score of the mice in (A) 

VSV-MARV-GP Group, (B) VSV-MARV-ΔMuc GP Group and (C) VSV-MARV-WT group. 
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The clinical score was related to the weight change, at 5 and 6 dpi, the weight decreases of group 

2 were significantly more than the group 1 (p < 0.05). Compare with the clinical score, the 

reason was supported to be all the survived mice in group 1 were healthy without any clinical 

signs. Nevertheless, most of the animals in ΔMuc groups showed clinical signs. One-way 

ANOVA was used to compare the statistical difference of clinical score among these three 

groups. The results showed there are significant differences between the clinical score of group 1 

and control group (p < 0.01), and between group 2 and control group (p < 0.05). No statistical 

difference was found between group 1 and group 2 (p = 0.3762). These results suggested the 

vaccine efficacy of VSV-MARV-GP is higher than those of VSV-MARV-Δmuc GP. 

3.1.2.3 Pre-challenge IgG response 

To analyze the antibody response after vaccinations, all the serum collected at 0, 14 and 28 dpv 

were used to detect the anti-MARV GP IgG titers. The pre-sera were collected at 0 dpi, which 

were used as a baseline for the IgG response. All the ELISA results of 14 and 28 dpv serum need 

to subtract the baseline before calculation. The dilution antibody titers shown in Figure 7 was the 

last dilution that the sample contained an average OD650 of more than 0.1.  

The control groups did not have anti-MARV GP antibody in serum before challenge (data not 

shown). At 14 dpv, the anti-MARV GP antibody titer of group 1 mice was quite low (Figure 7A). 

The IgG was not detected in half of the serum samples. The highest IgG dilution titer was only 

1/400. On the other hand, the antibody response in group 2 was much higher at 14 dpv than those 

in group 1 (Figure 7B). Only three mice did not contain anti-MARV GP antibodies, and high 

antibody response was detected in five serum samples. Mouse #9 in group 2 showed the highest 

anti-MARV GP antibody response, which was recognized as a 1/1600 antibody dilution titer in 

serum.  

At 28 dpv, the antibody levels in Group 1 increased considerably compared with the 14 dpv data. 

Although there were three animals (#14, #15 and #16) contained a low-level antibody response, 

most of the other mice were observed respectable antibody levels in serum. The highest antibody 

response was detected as 1/3200 in the #13 mouse. For the Δmuc GP group, the average 

antibody titers were shown the same tide of Group 1. The mouse #18 showed the strongest 

antibody response with an antibody dilution titer of 1/3200, and five mice in this group involved 
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1/1600 antibody dilution titer in serum. However, a decrease in IgG responses was also detected 

in four mice. Mice #3, #8, #9 and #15 in group 2 showed a higher antibody titer in 14 dpv 

compared with the data of 28 dpv.  

The statistical analysis (unpaired t-test) was performed to compare the antibody response 

between different groups at the same time point, or between different time points in the same 

group. In VSV-MARV-GP group, the antibody responses at 28 dpv were significantly higher 

than the antibody response at 14 dpv (p < 0.0001). The antibody titer increase of group 2 was not 

as much as group 1 although it was statistically significant (p = 0.005). At 14 dpv, the antibody 

titers in serum of Group 2 were significantly higher than the data of Group 1 (p = 0.0011). 

However, at 28 dpv the anti-MARV GP IgG responses in Group 1 mice were slightly higher than 

those in Group 2 mice although not significantly different (p = 0.7011).  
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Figure 7. Pre-challenge anti-MARV GP IgG response. 14 and 28 days-post vaccination IgG 

titer in each group. The antibody titer (Dilution) was the last dilution that the sample contained 

an average OD650 of more than 0.1. Statistical comparisons between each group were performed 

using un-paired Student T-test. 
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3.1.2.4 Pre-challenge neutralizing antibody response 

A GFP-based neutralization assay was also performed to analyze the pre-challenge serum. The 

start concentration of the serum in this experiment was 1/100 dilution. One in four dilutions with 

plain DMEM was implemented for all serum samples. VSV-MARV-GP GFP was used to infect 

cells with a ratio of MOI 0.1. The positive antibody control used in the experiments was MR191 

(start concentration was 30 μg/ml). The negative antibody control was anti-EBOV GP antibody 

in supernatant, which did not bind to MARV GP. Mock control was used to measure the 

background of the experiment without any treatment or infection. The positive control, virus 

mixed with plain DMEM, was used as the 100% infection baseline. The data were fitted to a 

non-linear four-parameter variable slope logistic regression. Only the serum collected at 28 dpv 

were tested, as most of the serum at 14 dpv did not contain anti-MARV GP antibodies.  

The infection percentages (100% - neutralization percentage) of serum from VSV-MARV-GP 

and VSV-MARV-ΔMuc GP groups mice were shown in Figure 8. The positive antibody control 

group showed a gradient with the dilution of antibodies, which suggested the method of the 

experiment worked. The negative antibody control group showed about 20% neutralization at the 

middle dilution point, which indicated that the observational error was up to 20%. No 

neutralization more than 20% were detected for all samples.   

These results suggested both vaccines cannot induce the production of neutralizing antibody after 

a single dose vaccination. Because of the limited anti-MARV GP antibody titer in serum, it was 

not surprising that the neutralization cannot be detectable. Furthermore, based on the results 

showed previously in the survival study, the antibody titer in serum at the challenge day is not 

related to the survival rate.  
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Figure 8. Neutralization of pre-challenge serum. The neutralizing antibody titer in the serum 

of (A) VSV-MARV-GP group and (B) VSV-MARV-ΔMuc GP Group. 
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3.1.2.5 Endpoint IgG response 

Euthanasia of all survivors was performed at the endpoint (28 dpi) of the experiments. Serum 

was collected to detect the anti-MARV GP antibody titers and the neutralization levels. The 

method of ELISA was used to detect the antibody titer. The baseline of each serum samples was 

the 0 dpv serum. The dilution antibody titer shown in Figure 9 was the last dilution where the 

sample contained an average OD650 more than 0.1.  

The results showed all the survivors involved a high antibody level in serum, the antibody 

dilution titer was as high as 1/102400. The lowest one (2-12) still contain a 1/6400 dilution titer 

IgG in serum. The statistic assay of unpaired student t-test was used to compare the differences 

between the antibody titer of two vaccine groups survivals. The results showed the average 

antibody titer in group 1 was mildly higher than the group 2 (p = 0.6659). These results 

suggested the antibody responses of viral exposure survivors from two vaccine groups were 

similar. 
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Figure 9. Endpoint anti-MARV GP IgG response. The mouse number was marked as “group 

number-mouse number”. Group 1 is VSV-MARV-GP, group 2 is VSV-MARV-ΔMuc GP. 
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3.1.2.6 Endpoint serum neutralization  

The endpoint sera were also used to do the neutralization assay to evaluate the relation of 

neutralization levels and survival rate. Because all the animals were euthanized at 28 dpi, the 

volumes of serum were enough to do a low dilution in the experiments. The first dilution in this 

experiment was 0.1, then one in three dilutions with DMEM was performed. MOI 0.1 VSV-

MARV-GP GFP was used to mix with diluted serum or control solutions. After 1 h of 

incubation, the mixture was then used to infect the prepared cells. Plain DMEM was used as 

mock control at the plate to detect the background of the method. The positive control was 

marked as the baseline of infection. The non-linear logistic regression (four parameters) was 

used to draw the infection curve.  

Results showed the positive mAbs control (green) and negative mAbs control (black) worked 

well in this experiment (Figure 10). There was one sample (1-7) showed up to 50% 

neutralization when the dilution was 0.1. Based on the logistic regression of 1-7 serum 

neutralization, the original undiluted serum should contain a ~70% neutralization. A similar 

logistic regression was also found for the 1-1 serum sample, but the neutralization percentage 

was around 30% at the dilution point 0.1. All other animals only involved limited neutralization 

level in serum.  

These results supported that neutralizing antibodies were not essential for BALB/c mice to 

survive from MARV infection. All mice developed a high level of anti-MARV GP antibodies in 

serum, but only two animals generated limited neutralization in serum. The detected 

neutralization level in serum was also quite low, which suggested the neutralizing antibodies titer 

was low or these antibodies incorporated poor neutralization.  
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Figure 10. Neutralizing antibody level in endpoint serum. VSV-MARV-GP was marked with 

the color of yellow, VSV-MARV-ΔMuc GP was marked by blue, the Pos mAbs was in green 

and the Neg mAbs was in the color of black. 
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3.1.3 Viral RNA levels 

To determine the systemic spread of MARV in the vaccinated mice, four animals were randomly 

selected to euthanize from each group at 4 and 6 dpi. Blood, liver, spleen, kidney, and lung were 

collected to analyze the viral RNA replication. The time point 4 days post infection was chosen 

because it is normally the earliest day of the clinical signs observed in BALB/c mice MA-

MARV exposure experiments. The time point 6 dpi was chosen due to the fatal day of MA-

MARV infection in BALB/c mice was 7 dpi.  

RT qPCR was used to calculate the Quantification of viral genome equivalents (GEQ) 

concentration. The GEQ estimated from this method was the total copy number in the reaction 

mixture, which need to be calculated back to the original blood or tissues samples. The 

calculation for blood was: GEQ/ml = (GEQ/4 * 60)/140 * 1000. The calculation for tissues was: 

GEQ/gram = (GEQ/4 * 50)/30 * 1000. These calculations were based on the protocols of the 

viral RNA extraction kit. The numbers of group and animals followed the previous survival 

study. The baseline of the method was marked as around 1000 GEQ/ml or 4000 GEQ/gram, 

which was the Ct value 36 from the RT qPCR analysis. All the results lower than the baseline 

were marked as 1000 in the graph, because of the limited sensitivity. The statistic assay followed 

the method of one-way ANOVA test with Bonferroni's multiple-comparison correction. 

3.1.3.1 Viral RNA levels at four days post infection  

The viral RNA replications at 4 dpi were shown in Figure 11. The four animals in the control 

group contained the highest viral copy numbers in viremia among the three groups. The highest 

one reached 7 x 10^7 GEQ/ml. Two animals in group 1 were not detected any viral replication in 

blood, the other two mice in this group showed a middle level of viral copy number. Compare 

with the control group, the viral RNA replications in the blood of Group 1 mice were 

significantly lower (p<0.05). As for group 2, there are three mice detected a middle viral GEQ in 

blood, and one with a low RNA replication around 5 x 10^3 GEQ/ml. The average of viral copy 

number in group 2 was mildly higher than group 1 but not significant. And the differences 

between the control group and group 2 was also not significant. 

Viral RNA replication for tissues were also described in Figure 11. The control group showed a 

high level of viral RNA replications in liver, which reached more than 1 x 10^7 GEQ/gram. The 
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average of group 1 viral GEQ was much lower than the control group, but one of the results 

shown the same level as group 3. Two mice in group 1 contained middle level of viral RNA 

replication and the last one did not show a positive result. As for group 2, the average of the 

GEQ was between group 1 and group 3. All viral RNA replications of group 2 were between 1 x 

10^7 and 5 x 10^4 GEQ/gram. There was no statistical difference among each group. 

Surprisingly, the viral copy numbers in spleen were similar among the three groups (Figure 11). 

There were two animals in group 1 that were not detected viral RNA in blood, but viral RNA 

was found in spleen. All the mice in group 3 contained around 4 x 10^6 GEQ/gram viral RNA, 

which was five times more than group 2. Although the average GEQ of group 1 in spleen was 

lowest among the three groups, there was a mouse contained a high level of viral RNA in spleen. 

No significant difference (p < 0.05) was found among the spleen viral load of three groups.  

Kidney samples had lower viral RNA levels compared to other organ and blood. All kidney 

samples from VSV-WT group loaded a middle level of viral RNA replication (~ 5 x 10^5 

GEQ/gram). The GEQ of all the mice in group 2 were around 8 x 10^4 GEQ/gram. The results 

of group 1 showed a polarization, which was similar to other organ data. The highest result was 

around 1 x 10^6 GEQ/gram, but the lowest one was undetectable. Again, there was no 

significant difference among each group, although the group 2 shown ten times lower GEQ than 

the vector control group. 

Lung was also collected to analyze the viral RNA levels. The viral RNA replication level of the 

lung samples in control group was similar to the spleen results. However, the viral RNA levels of 

lung in both group 1 and 2 were extremely different from the results of spleen. In group 1, two 

animals showed the same viral RNA level with the control group, but the other two mice did not 

contain any viral RNA. Similar results were found in group 2 as well, the only difference was 

one animal involved an average level of viral RNA. Although the average of viral GEQ of each 

vaccination group was 100 times lower than the control group, the range of the data expression 

was too big to reach a statistical difference.  

These results suggested both vaccines could provide partial protection to help host reduced or 

even cleared the virus in blood and tissues at 4 dpi. However, the decreased efficiency depended 
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on the individual difference. In general, the protection of VSV-MARV-GP was mildly higher 

than those of VSV-MARV-ΔMuc GP at 4 dpi.  
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Figure 11. Viral RNA level at four days post infection. The VSV-MARV-GP group was 

marked as group 1 with the color of yellow; the VSV-MARV-ΔMuc GP group was group 2 in 

the color of blue; group 3 was VSV-WT group with pink. Statistical comparisons between each 

group were performed using one-way ANOVA test with Bonferroni's multiple-comparison 

correction: *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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3.1.3.2 Weight change, IgG response and clinical score of euthanized mice at 4dpi 

To analyze the health state of the euthanized mice at 4 dpi, weight change and clinical score were 

monitored. The weight change data were shown in Figure 12A. All the mice in VSV-MARV-GP 

group did not lose weight until 4 dpi. On the other hand, the weight of all the mice in the control 

group decreased. Mouse 3-2 lost around 7% weight compared with the challenge day. Most mice 

in group 2 gained weight until 4 dpi, but mouse 2-15 lost 5% weight from 3 dpi to 4 dpi. For 

each group, the tides of weight change were similar to the survival study results.  

The clinical score results were described in Figure 12C. All the animals in group 1 did not show 

any clinical signs, which related to the results of weight change. The mouse 2-15 in group 2 was 

observed to have some mild clinical signs at 4 dpi and all other three mice in the same group did 

not appear to have any clinical signs. Abnormally, two mice in the control group did not appear 

to have clinical signs, but the other two did.  

To analyze the antibody response, ELISA was performed to detect the IgG titer in the serum of 

euthanized mice. The IgG levels from pre-vaccination until euthanasia were exhibited at Figure 

12B. Generally, a decrease of the antibody titer in 4 dpi was observed at almost all animals in the 

vaccinated groups, except for 1-17 that showed a continuous increase at 4 dpi. The anti-MARV 

GP antibody was undetectable in the control group from the beginning to 4 dpi. Surprisingly, 

most of the animals only contained a limited or undetectable antibody titer in serum at 4 dpi.  

Comparing the weight change, IgG response and clinical score to the viral RNA replication level 

in each mouse, antibody-undetectable mice (1-15, 2-15, all mice in control group) shown a 

higher viral RNA level in blood and most of the organs. All these mice were observed a higher 

weight loss compared with the other mice. Furthermore, the mouse with the highest anti-MARV-

GP antibodies (1-17) was observed an increased weight until 4 dpi, undetectable RNA level in 

blood and most organs, and no clinical sign. These results suggested antibodies might play an 

important role in vaccine protection. And a possible reason for the reduction of antibody titer is 

all the antibodies were preoccupied with binding to the virus, as the viral titers in blood and 

tissues were extremely high.  
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Figure 12. Weight change, IgG response and clinical score of euthanized mice at 4 dpi. The 

VSV-MARV-GP group was marked as group 1 with the color of yellow; the VSV-MARV-ΔMuc 

GP group was group 2 in the color of blue; group 3 was VSV-WT group with pink. The mouse 

number was marked as “group number-mouse number”. 
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3.1.3.3 Viral RNA levels at six days post infection  

The viral RNA replications at 6 dpi were shown in Figure 13. There are two animals that failed 

to retrieve collected blood (2-13, 3-8); the blood and serum data were missed for two mice. Two 

animals in each vaccine group did not contain viral RNA in all blood and tissues samples (1-4, 1-

9, 2-13 and 2-14).  Control group showed a middle level of viral RNA in blood, which was 

around 2 x 10^5 GEQ/ml. The viral copy number in blood was reduced compared with the 4 dpi 

results. Two mice samples from group 1 detected a low level of viral RNA, one was 5 x 10^4 

GEQ/ml another one was around 5 x 10^3 GEQ/ml. As for group 2, the only detectable blood 

sample showed a viral titer of 2 x 10^4 GEQ/ml. The viral load in the blood of VSV-MARV-GP 

group was significantly lower than the control group (p < 0.05) but did not show a statistical 

difference with group 2. On the other hand, the VSV-MARV-ΔMuc GP group showed a 

significant difference compared with the control group as well (p < 0.01). 

Extremely high viral copy number in liver were observed in the control group, which reached up 

to 9 x 10^7 GEQ/gram. The average viral load level of the control was around 4 x 10^7 

GEQ/gram. As for group 1, one mouse contained a middle level of viral GEQ and another was 

only a limited result. The group 2 results were astonishing that high level (up to 2 x 10^7 

GEQ/gram) of viral RNA replication in two mice. These results shown both two mice without 

blood samples all contained high viral RNA genomes in the liver. Compare with the VSV-WT 

group, both vaccine groups liver results showed significantly lower results (p < 0.05). However, 

although the average of group 2 viral RNA level was almost 100 times higher than group 1, there 

is still no statistical difference between the two vaccination groups.  

In spleen, the VSV-WT still showed a high level of viral RNA level, which was around 5 x 10^6 

GEQ/gram. Only a limited MARV viral RNA level was found in group 1, which showed a 

significant difference compared with the control group (p < 0.01). As for the VSV-MARV-

ΔMuc GP group, high level of viral titers was detected in one of the mice (3 x 10^6 GEQ/gram), 

and another viral RNA detectable sample shown an average level of viral titer (2 x 10^4 

GEQ/gram). No statistical difference was found between two vaccine groups, but the average 

viral GEQ of VSV-MARV-GP group was more than 10 times lower than VSV-MARV-ΔMuc 

GP group. 
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The viral RNA level in kidney was lower than the other three organs, which was similar to the 4 

dpi results. A middle level of viral RNA replication was analyzed in the control group, which 

was around 1 x 10^5 GEQ/gram. Two animals in the VSV-MARV-GP group detected a low-

level of viral RNA number, both of them were lower than 1 x 10^4 GEQ/gram. The two kidney 

samples from group 2 show a similar GEQ with the control group. No significant difference was 

found among the three groups, even though the group 1 viral GEQ was quite lower than the 

control group.  

The last organ was lung, the viral RNA level of the control group was around 5 x 10^6 

GEQ/gram. As for group 1, the viral RNA levels of the two animals were quite different. The 

higher one was around 1 x 10^5 GEQ/gram, and another one was around 50 times lower than it. 

The average viral RNA replications of group 2 were much higher than group 1, but more than 

100 times lower than the control group. Two animals in this group contained around 2 x 10^6 

GEQ/ml viral load in the lung, which was as high as control groups. The viral copy number of 

VSV-MARV-GP group was significantly lower than the control group (p < 0.05) but had no 

statistical difference compared with VSV-MARV-ΔMuc GP group. As for the difference 

between the control group and VSV-MARV-ΔMuc GP group, it was insignificant as well. 

These results suggested VSV-MARV-GP vaccine could efficiently prevent the infectious mouse 

from viral infections in blood and tissues. Compare with the control group, the viral replications 

in blood and tissues were inhibited. As for VSV-MARV-ΔMuc GP vaccine, it could provide 

partial protection against MA-MARV infections depended on individuals.  
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Figure 13. Viral RNA level at six days post infection. The VSV-MARV-GP group was marked 

as group 1 with the color of yellow; the VSV-MARV-ΔMuc GP group was group 2 in the color 

of blue; group 3 was VSV-WT group with pink. Statistical comparisons between each group 

were performed using one-way ANOVA test with Bonferroni's multiple-comparison correction: 

*, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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3.1.3.4 Weight change, IgG response and clinical score of euthanized mice at 6 dpi 

Weight change, clinical score, and antibody response were also analyzed to describe the state of 

the euthanized mice. The weight change data were shown in Figure 14A. All the 18 mice did not 

lose weight before 3 dpi. From 3 dpi to 6 dpi, all the mice in the control group show an around 

10% weight loss. Three mice in group 1 observed a mild decrease after 4 dpi on weight, but there 

was no weight loss compared to the pre-challenge at 6 dpi. Only one animal (1-13) in group 1 

showed weight loss on the euthanasia day, which continually lost weight from 4 dpi to 6 dpi. As 

for group 2, all mice had observed a weight reduction between 3 dpi and 5 dpi. Two animals 

noted an up to 10% increase at 6 dpi, on the other hand, the other two continually lost weight at 6 

dpi.  

The clinical score results were related to weight change (Figure 14C). During the first three days 

after infections, there were no clinical signs observed. At 4 dpi, although several animals showed 

weight loss, only animal 2-3 in group 2 was monitored some mild clinical signs. At 5 dpi, a mild 

level or more serious level of syndromes were detected in all the mice in group 2 and the control 

group. On the other hand, all the mice in group 1 still kept healthy.  However, only two animals 

in group 1 (1-9, 1-4) did not show any clinical sign at 6 dpi, and two mice in group 2 recovered 

at 6 dpi (2-3, 2-14). 

The IgG response in serum was described at Figure14B. As mentioned precious, two animals 

failed to collect blood (2-13, 3-8), so only 3 points were included for group 2 and group 3 at 6 

dpi. There was no detectable anti-MARV GP antibody in the mice of the control groups. All the 

mice in group 1 shown a continued growth of anti-MARV GP antibody titer from the -28 dpi to 6 

dpi. Based on the data shown at 4 dpi-euthanized mice, there should be a decrease at 4 dpi but 

there are no serum or data available for these 6 dpi-euthanized mice. On the other hand, one mice 

(2-3) in group 2 shown a mild decrease of antibody titer in serum at challenge day. The IgG level 

of the other mice in group 2 shown increase or no change. At 6 dpi, two animals had detected a 

continuing increase of IgG level (2-14, 2-3), but the antibody titer of 2-10 did not change. 
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Figure 14. Weight change, IgG response and clinical score of euthanized mice at 6 dpi. The 

VSV-MARV-GP group was marked as group 1 with the color of yellow; the VSV-MARV-ΔMuc 

GP group was group 2 in the color of blue; group 3 was VSV-WT group with pink. The mouse 

number was marked as “group number-mouse number”. 
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These data indicated a high relation among the antibody titer, weight change, and clinical score. 

Most animals contained high antibody response were observed a lower clinical score and weight 

loss. This tide was more obvious in VSV-MARV-ΔMuc GP. Although there was one mouse in 

Group 1 (1-13) did not follow this trend. Furthermore, compared to the others, lower GEQ in 

blood and tissues were measured in most of the animals involved a high level of anti-MARV GP 

antibody in serum.  

3.1.3.5 Serum neutralization of euthanized mice at 6 dpi 

To analyze the neutralization level of serum in 6 dpi mice, a GFP-based neutralization assay was 

performed to test all the serum samples from euthanized mice. The first dilution of the serum 

was 1/10 as the serum volume was enough. The ratio of MOI 0.1 VSV-MARV-GP GFP were 

used to infect Vero-E6 cells. Four control groups were used in the experiment: 1. A mock control 

used non-infection without any treatment on the cells; 2. Positive control used viruses mixed 

with plain media to infect cells; 3, Positive mAbs control with MR191 antibodies started the 

dilution titer at 50 μg/ml; 4. Negative mAbs control was supernatant of anti-EBOV GP 

antibodies. All the samples were diluted with the ratio of 1:3 with DMEM plain media. Infection 

percentage curves were made based on the method of non-linear logistic regression with four 

parameters in GraphPad Software. 

The results were shown in Figure 15, both the positive control and the negative control worked 

well. Only three animals contained a detectable neutralization at the beginning dilution point: the 

serum sample from mouse 1-4 reached 50% neutralization, mouse 2-14 and mouse 1-9 were 

detected a 40% neutralization. All other mice were detected a limited level of neutralization even 

though the dilution was low.  

These results suggested the neutralizing antibody in serum was not the main protection against 

MARV infection, as the neutralizing antibody titer was quite limited in serum. However, all the 

three mice shown limited neutralization in serum did not observed clinical signs or viral RNA 

replication at 6 dpi. Although these results were more related to the antibody titers but not the 

neutralization titer, the limited neutralization was supported to assist the protection against 

MARV infections. There was one mouse (1-13) contained a very high level of anti-MARV GP 

antibody, but a clinical score of 1.5 and weight loss were monitored at 6 dpi.  
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Figure 15. Neutralizing antibody in serum at 6 dpi. The VSV-MARV-GP group was marked 

as group 1 with the color of yellow; the VSV-MARV-ΔMuc GP group was group 2 in the color 

of blue; group 3 was VSV-WT group with pink; the Pos mAbs was in green and the Neg mAbs 

was in the color of black. The mouse number was marked as “group number-mouse number”. 
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3.2 Development of monoclonal antibodies  

3.2.1 Immunization of BALB/c mice 

To develop mAbs against MARV, BALB/c mice were immunized with VSV-MARV-GP and 

VSV-MARV-ΔMuc GP every three weeks until the IgG response was high enough. In this study, 

three fusions were performed for each vaccine.  

3.2.1.1 The first hybridoma development 

Eight mice per group were used to develop mAbs. The vaccination schedule was shown in 

Figure 16A. On the vaccination day, around 2 x 10^5 pfu (100 μl) vaccine were injected by i.p., 

For each serum collection point, 10~30 μl of sera of each mouse were collected to detect the IgG 

response. Three weeks after the fourth vaccination, the IgG titer in serum was analyzed to choose 

two mice in each group to do the final boost. The 100 μg of purified MARV GP was injected 

once the mice with the highest IgG response were selected. Three to five days after the final 

boost, the spleens were collected to the next step. 

Figure 16B showed the results of the IgG response of mice in the VSV-MARV-GP group. All 

the sera were diluted with 2% Skim Milk in the ratio of 1:400. The OB650 was used to measure 

the IgG level. Week 1 was the results of pre-vaccination serum, which were also used as the 

baseline of the serum IgG detection. Most of the mice contained a continued increase of IgG titer 

from week 1 to week 13. Five out of eight mice in this group showed a high antibody response in 

serum, but another three animals only contained a middle level of IgG response. At week 13, 

Mouse #1 and #4 were selected to boost with purified GP. 

The IgG responses of VSV-MARV-ΔMuc GP were described in Figure 16C. Same with another 

group, the week 1 pre-serum was measured as a baseline. The antibody response of all the mice 

increased from beginning to the end. Among these mice, mouse #1 was detected an extreme high 

IgG response, which was much higher than any other mice. At the 13 weeks, mouse #1 and #5 

were chosen for the final boost. 
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Figure 16. Timeline and IgG responds of first hybridoma developments. (A) The time 

schedule of the vaccination, serum collection and Final boost. The Anti-MARV GP IgG response 

in serum of each mouse in (B) VSV-MARV-GP group and (C) VSV-MARV-ΔMuc GP group.  
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3.2.1.2 The second hybridoma development 

After the first hybridoma development, the over left mice were used to prepare the second 

hybridoma development. The left 6 mice in each group were vaccinated two more times. The 

vaccination and serum collection timeline was shown in Figure 17A. All the sera were collected 

before vaccination. Based on the antibody response, two animals in each group were selected to 

do the final boost at 25 weeks. 

The IgG titer of the VSV-MARV-GP group was shown in Figure 17B. After 9 weeks of the last 

vaccination, the IgG response of four out of six mice showed a drop, but the other two contained 

a mild increase. At week 25, mouse #2 and #6 were selected to boost with purified MARV GP 

and then collected the spleen. 

Figure 17C described the IgG titer of VSV-MARV-ΔMuc GP group. All the mice in this group 

detected a lower IgG response compared with the Week 13 data. After 2 more times of 

vaccinations, All the animals contained a higher level of antibody response. At week 25, two 

mice that contained the highest IgG responses were selected to do the final boost. 
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Figure 17. Timeline and IgG responds of second hybridoma development. (A) The time 

schedule of the vaccination, serum collection and Final boost. The Anti-MARV GP IgG response 

in serum of each mouse in (B) VSV-MARV-GP group and (C) VSV-MARV-ΔMuc GP group. 
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3.2.1.3 The third hybridoma development 

Five mice were used in each group at the third mAbs development experiment. The 

immunization schedule was shown in Figure 18A. Similar to the previous two times, about 2 x 

10^5 pfu VSV-MARV-GP or VSV-MARV-ΔMuc GP vaccines were injected by i.p.. Serum was 

collected before vaccinations. Because there were two mice in VSV-MARV-ΔMuc GP group 

that showed a high level of anti-MARV GP antibody titers, the final boost was performed after 

three immunizations for these two mice. As for the VSV-MARV-GP group, one more 

vaccination was given before the final boost. 

The IgG response of VSV-MARV-GP group was shown in Figure 18B. Surprisingly, no 

detectable anti-MARV GP antibody was found in sera at week 4. After the second vaccination 

was given, the IgG response was increasing quickly until week 13. The IgG titer of Mouse #9 

and #13 was high enough to do the final boost with 100 μg purified MARV GP Ang.  

Figure 18C described IgG responses in the serum of the VSV-MARV-ΔMuc GP group at 

different time points. Similar to the VSV-MARV-GP group, no animals detected anti-MARV GP 

antibody in serum at week 4. However, two mice (#11 and #12) were observed a rapid increase 

after week 7. The antibody OD number of 1/400 diluted samples reached around three. 

Furthermore, high dilution sera from these two mice still resulted in a high OD value (data not 

showed). In this case, the final boost of VSV-MARV-ΔMuc GP group was performed after three 

vaccinations at week 10. 
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Figure 18. Timeline and IgG responds of third hybridoma development. (A) The time 

schedule of the vaccination, serum collection and Final boost. The Anti-MARV GP IgG response 

in serum of each mouse in (B) VSV-MARV-GP group and (C) VSV-MARV-ΔMuc GP group. 
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3.2.2 Development of hybridoma 

To develop the monoclonal antibodies binding to MARV GP, hybridoma technology was used in 

this study. Following the methods described at 2.4.2 Monoclonal antibodies (mAbs) generation, 

three fusions for each vaccine groups were performed. The P3X were thawed two weeks in 

advance to confirm enough myeloma cells were adapted to Medium A. The antibody-forming 

cells were collected from the spleens of mice mentioned previously. Two spleens from the same 

group were used together to collect splenocytes. 

Following the method mentioned at 2.4.2.3, the viability and number of both cell lines were 

measured. Figure 19 showed the viability of the myeloma cells and splenocytes for each fusion. 

Most of the cell viabilities were higher than 90%, only the splenocytes 1D showed an 85% 

viability. The highest cell activity was detected at splenocytes 2F, which reached almost 100%. 

A possible reason for the lower viability percentage of splenocytes 1D was the longer operation 

time of these cells collection. It was suggested that the collection of spleen cells should be done 

within 30 minutes after spleen collected. These viability results supported all the cells were ready 

for fusions.  

Medium D was used to select and clone the fusion cells. The single fusion cell grew to a cell 

colony in the semi-solid selection media after 10-14 days growth. The colonies were picked 

carefully and then transferred to growth media for further experiments. For each fusion, 500-

1000 colonies were picked. 
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Figure 19. The viability of myeloma cells and splenocytes for each fusion. The number of 

times for each fusion were marked as 1, 2 or 3. For example, the myeloma cell used in first-time 

fusion was marked as P3X-1. The VSV-MARV-GP group was marked “F” (Full-length GP), the 

VSV-MARV-ΔMuc GP group was marked as “D” (Mucin deleted GP). 
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3.2.3 Characterization of mAbs-produced hybridoma 

The method of ELISA was used to detect the anti-MARV GP antibody level in the supernatant of 

the hybridoma. There were two factors showed influence at OD value, which were the antibody 

titer and antibody binding strength. In this case, the hybridoma supernatant contained an OD650 

value of more than 1.0 was selected as a good candidate for the further experiment. The value 

was lower than 1.0 when the antibodies in supernatant contained a low binding efficiency or the 

hybridoma could not produce a high titer of IgG in cell culture.  

Following these rules, fifty in total hybridoma candidates were selected after (Table 4 and Table 

5). The hybridoma candidates were named with the way of "group information - the times of 

hybridoma development, plate number of hybridoma screen – the well location”. F2-1H10, for 

example, meant this hybridoma candidate was from VSV-MARV-GP group of the second time 

hybridoma development, the colony of this hybridoma grown in the H10 well of the first 96-well 

plate.  

 

Table 4. Hybridoma generated from VSV-MARV-GP group 

 

Name OD650 Neutralization  Name OD650 Neutralization 

F2-1H10 3.2435 Negative  F2-5H7 2.4358 Negative 

F2-1H11 3.0151 Negative  F2-5H10 1.6423 Negative 

F2-1H12 2.8987 Negative  F3-1H1 2.0815 Negative 

F2-2C9 2.9709 Negative  F3-1H3 2.8943 Negative 

F2-2H3 3.29 Negative  F3-2H4 2.7783 Negative 

F2-2H5 2.9812 Negative  F3-2H5 2.892 Negative 

F2-2H6 3.3322 Negative  F3-3A8 1.3388 Negative 
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Surprisingly, more than 2,000 colonies were picked in the first hybridoma development 

experiment from two groups, but none of them produced any anti-MARV GP antibodies. To 

confirm if the fusion of myeloma cells and splenocytes was successful, an ELISA experiment 

was performed. 30 μl supernatant of each hybridoma were used to coat plate, and the goat-anti-

mouse HRP antibody was used as primary antibody after block. No secondary antibody was 

added, but TMB was used after the primary antibody. The plates were read after 30min RT 

incubation, and no positive signals were observed. These results suggested the hybridoma did not 

produce any mouse antibodies, which indicated the fusion of hybridoma and P3X cells failed. All 

the colonies were actually the colony of myeloma cells. It was unknown why the selection 

medium D did not work during the 14-days incubation. 

F2-3G10 2.0135 Negative  F3-4B3 1.1363 Negative 

F2-3G12 1.4525 Negative  F3-4C1 1.2746 Negative 

F2-3H11 2.5453 Negative  F3-4B12 1.0642 Negative 

F2-4H11 2.4462 Negative  F3-6C5 2.6076 Negative 

F2-5F2 1.7005 Negative     

Table 5. Hybridoma generated from VSV-MARV-ΔMuc GP group 

 

Name OD650 Neutralization  Name OD650 Neutralization 

D2-1H9 3.1778 Negative  D2-6H12 2.5718 Negative 

D2-1H10 2.9199 Negative  D2-2H4 3.0359 Negative 

D2-1H11 2.9066 Negative  D3-1E5 2.5769 Negative 
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After the selection of hybridoma candidates, a GFP-based neutralization assay was performed to 

detect the neutralizing antibody titer. Follow the method described at 2.3.3 GFP-based 

neutralization assay, all the supernatant samples were detected. However, none of the 

supernatant showed more than 20% neutralization (Figure 4 & Figure 5).  

3.2.4 Neutralization in serum  

The sera from spleen-collected mice detected the neutralization by using the method of GFP-

based neutralization assay. As the animals were euthanized to collect spleens, the volume of 

serum was abundant. In this case, the start point of the serum dilution was 1/10. The ratio of 

MOI 0.1 VSV-MARV-GP GFP and Vero-E6 cells were used for this experiment. In Figure 20, 

VSV-MARV-GP group was marked as group 1 with the color of yellow, VSV-MARV-ΔMuc 

GP group was marked as group 2 with the color of blue.  

D2-1H12 3.3327 Negative  D3-1H12 0.9654 Negative 

D2-2H1 3.2534 Negative  D3-2G6 2.7784 Negative 

D2-2H2 2.8641 Negative  D3-3A2 1.5226 Negative 

D2-2H3 2.9205 Negative  D3-3G10 2.2776 Negative 

D2-2H4 3.2848 Negative  D3-4C2 2.3822 Negative 

D2-3H7 3.3195 Negative  D3-4C5 1.2181 Negative 

D2-3H11 2.5965 Negative  D3-4H4 1.2003 Negative 

D2-4H11 2.483 Negative  D3-4C8 1.4671 Negative 

D2-5C1 1.5792 Negative  D3-5H3 2.8511 Negative 

D2-5C8 2.4042 Negative  D3-5H11 2.6559 Negative 

D2-5H12 2.8924 Negative     
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Both positive mAbs and negative mAbs worked well in this experiment. The results showed all 

the serum only contain a limited or no neutralization. Only the serum from mouse #2-1 

demonstrates neutralization around 22%, but the negative mAbs results suggested the baseline of 

the sensitivity was about 20%.  

  



79 
 

 

 

Figure 20. Neutralization of the serum from spleen-collected mice. The VSV-MARV-GP 

group was marked as group 1 with the color of yellow; the VSV-MARV-ΔMuc GP group was 

group 2 in the color of blue; the Pos mAbs was in green and the Neg mAbs was in the color of 

black. The mouse number was marked as “group number-mouse number”. 
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CHAPTER: 4      DISCUSSION 

4.1 Growth kinetics of VSV-based viruses  

The hypothesis of this study was that A vaccine expressing the mucin-like domain deleted GP 

(ΔMucGP) of Marburg virus will yield more and better neutralizing mAbs than a vaccine 

expressing the full GP. In order to compare the difference between the two VSV vectored 

vaccines these viruses were characterized for viral replication determined. To evaluate the 

differences in viral growth, the growth kinetics of VSV-MARV-GP and VSV-MARV-ΔMuc GP 

were evaluated and compared to a VSV-MARV-GP GFP virus which was used in a GFP-based 

neutralization assay.  

The results of the two vaccines showed no significant difference in growth over the duration of 

the experiment. This suggested these two vaccines had similar replication. The same dose of the 

two vaccines could be used in the in vivo vaccination assessment. On the other hand, the growth 

curve of VSV-MARV-GP GFP showed a decrease in the TCID50/ml at 72 hours after infection. 

A slight increase in titer was observed between the 48 and 72 h time points. Based on these 

results, the GFP-based neutralization assay data collection time point was set at 48 h. It is also 

possible to collect the data at 72 h, but the neutralization occurs only for the very first round of 

infection, after that the virus grows normally and can reach high levels despite some initial 

neutralization.  

4.2 Mucin-like domain functions  

4.2.1 Removing the MLD did not influence the infection efficiency in an in vitro assay  

The growth kinetics of VSV-MARV-GP and VSV-MARV-ΔMuc GP also indicated that the 

MLD did not impact infection efficiency as no significant differences were seen. However, the 

biggest disadvantage of in vitro experiments was that it cannot simulate fully replicate the impact 

of the immune system. The domain might play some roles in the immune evasion to assist the 

infection by the viral particles.  

To detect the functions of the MLD in the viral life cycle, further in vivo experiments about the 

viral infection efficiency were necessary.  
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4.2.2 Removing the MLD induced an earlier IgG response  

The results of the IgG responses following vaccination showed the antibody titers in the serum of 

VSV-MARV-ΔMuc GP (Group 2) vaccinated mice were significantly higher than the VSV-

MARV-GP (Group 1) vaccinated mice at 14 dpv. At 28 dpv; antibody titers of mice between the 

vaccines were not statically different. These results suggest the humoral response caused by 

VSV-MARV-ΔMuc GP appeared earlier than the antibody response produced by VSV-MARV-

GP. At 28 dpv, the antibody response of Group 2 mice may have already been at the stage of 

decline. However, the antibody titers of Group 1 were probably around the peak.  

These results suggest that removing the MLD could improve primary antibody responses. A 

possible function of the MLD is that it inhibits the recognition of MARV GP by the humoral 

immune response. Because the size of the MLD is even bigger than the sum of GP1 (without the 

MLD) and GP2, the antigen recognition efficiency of B cells might be impacted.  

However, to confirm the MLD functions, further experiments are required. For example, the 

difference of T cell responses and B cell responses between the VSV-MARV-GP and VSV-

MARV-ΔMuc GP groups could be useful. 

4.2.3 Removing the MLD reduced the vaccine protection  

In the survival study, both the average percent weight loss and the survival rate of the VSV-

MARV-ΔMuc GP group were non-significantly lower than those of the VSV-MARV-GP group. 

The clinical score also provides some circumstantial evidence about the difference in vaccine 

efficacy between the two vaccines. None of the survivors in the VSV-MARV-GP group had any 

clinical signs after infection, but four out of six surviving mice in the VSV-MARV-ΔMuc GP 

group showed clinical signs between 4 dpi to 8 dpi.  

A possible reason for the lower protection efficacy of the VSV-MARV-ΔMuc GP group is the 

exposure of useless epitopes. Although removing this domain could expose more epitopes on the 

MARV GP, the antibodies that bind to these epitopes could not reach them during the MARV 

infection due to the shield of the MLD. The immunological memory will be active after the viral 

antigen is recognized, but the production of these antibodies will take some resources of the 

immune system. In other words, this reaction will reduce the generation of high binding anti-
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MARV GP antibodies. Because the MLD and glycan cap will be removed in the endosome 

during the fusion of viral membrane and endosomal membrane, the epitopes under the protection 

of the MLD could be recognized as well.  

Another possibility for the lower protection from the VSV-MARV-ΔMuc GP vaccine is the 

different immune state compared with the VSV-MARV-GP group. As mentioned previously, the 

humoral response of the ΔMuc GP group was earlier than the full-length group. At the challenge 

day, the immune response against the VSV-MARV-ΔMuc GP may have already been at the end 

stage, which required more time to reactivate. On the other hand, the antibody response against 

the VSV-MARV- GP was probably at the earlier stage before the peak of antibody titre. 

To analyze the influence of the MLD on vaccine protection, a short-term vaccine protection 

experiment would be required. Vaccination of the animals at different time points would allow 

us to check the vaccine protection at different immune response stages.  

4.2.4 The MLD is not the key to neutralizing antibody generation  

In the vaccine evaluation study, although a limited neutralization was detected at 6 dpi and 

endpoint samples, there was no significant difference between the two vaccines. In the 6 dpi 

serum samples, the full-length GP vaccine even contained a higher neutralization than the mucin-

deleted group. Furthermore, the results of the development of monoclonal antibodies showed no 

neutralizing antibodies were generated after three fusions. All the serum from spleen-collected 

mice did not show strong neutralization level, even though the antibody titer of each mouse was 

extremely high on the day of euthanasia. These results suggest the MLD is not the key to 

generating anti-MARV neutralizing antibodies. 

Some studies about the EBOV MLD suggest a VLP vaccine made using the mucin-deleted GP 

produced more anti-EBOV GP antibodies in the serum than VLPs made using the full GP ones 

(Basler et al., 2011). A structural study also showed that the different positions of the MLDs of 

MARV and EBOV might lead to different functions (Hashiguchi et al., 2015). A lot of EBOV 

neutralizing antibodies bind to the base part of the GP, but this position of MARV is protected by 

the MLD. These studies supported the hypothesis that the MLD could be the reason for the failed 

generation of MARV neutralizing antibodies through vaccination. However, the results of this 

study suggest this is not the case. 
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4.3 Non-neutralizing IgG functions 

All the antibodies elicited prior to challenge and following challenge only showed a limited level 

of neutralization. The dead animals in the survival study all had an antibody response similar to 

the survivors at 28 dpv, which suggested the protection of the vaccines might not depend on the 

antibody level at the challenge day.  

However, one of the animals euthanized at 4 dpi in VSV-MARV-GP group showed a high level 

of anti-MARV GP antibodies, and no viral replications was found in the blood, liver, kidneys, 

and lungs. It suggested the antibody in the serum at challenge day was not high enough to induce 

protection in mice. The antibody titer from other mice decreased to an undetectable level at 4 dpi 

but jumped to an extremely high level just 2 days later, although the 4 dpi data and 6 dpi data 

were from different animals. A possible reason is the speed of antibody production was lower 

than the viral replications by 4 dpi. Because the viral loads were too high, all the antibodies 

produced by vaccination were bound to the virus. Then, the immunological memory could lead 

to the B cells proliferation and antibody production 5~7 days after the antigen re-exposure. In 

this case, the antibody titer showed dramatic increases at 6 dpi. Furthermore, the animals that 

showed high IgG at 6 dpi also had lower viremia and viral loads in tissues, lower weight loss and 

lower clinical score compared to the other mice, despite the fact there was only limited or no 

neutralizing antibody activity. This suggests that although the antibody titer at challenge day was 

not related to the survival, the antibodies in the serum might play an important role after 

infection.  

Based on the studies on MARV and EBOV therapies, there is no doubt that neutralizing 

antibodies were a good treatment candidate. Post-exposure treatment suggested the neutralizing 

antibodies could clear the virus from blood efficiently. However, there is still a knowledge gap 

about non-neutralizing antibody functions. A publication by Froude reported several protective 

mAbs against MARV without neutralization (Froude et al., 2017). These antibodies showed 

some efficacy in the plaque size reduction assay and up to 100% protection in mouse post-

exposure experiment against MA-MARV. In this case, some studies suggested some other 

antibody function, such as ADCC, complement-mediated toxicity (CMT) and ADCP, might also 

play some roles in mediated protection.  
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On the other hand, since macrophages are the early targets of MARV, ADCP might increase the 

viral infection efficiency. The Fc chain of the antibody will attract macrophages close to the 

infected cells. In this case, once the new viral particles are released, these macrophages will be 

infected. The antibody function of antibody-dependent enhancement (ADE) was also reported in 

some studies, which suggests a low or non-neutralizing antibody might enhance viral infections 

in some situations.  

4.4 Neutralizing antibody generation 

Neutralizing antibodies were detectable in some MA-MARV infected mice, which suggest that 

neutralizing antibodies against MARV could be developed from survived mice. Furthermore, 

there are reports showing some NHP survivors have a low level of neutralizing antibodies after 

MARV exposure (Mire et al., 2014). However, the immune responses against MARV infection 

were quite different between mice and NHPs. The results of this study showed only a limited 

neutralization activity in the serum of some mice. It suggests the mouse model, at least the 

BALB/c mouse model, develops a different immune response against MA-MARV infection 

compared with NHPs. A clinical trial suggested the human survivors have a Th1-dependent 

immune response with a low level of neutralizing IgG responses.  

It is still unknown why anti-MARV neutralizing mAbs cannot be generated through vaccination, 

but the same method could develop anti-EBOV neutralizing mAbs. Recent publications 

suggested MARV VP35 may play an important role in the viral evasion (Hume & Mühlberger, 

2018). The evasion pathway of MARV VP35 is different from EBOV VP35. This difference 

between MARV and EBOV might be the reason for the failure of anti-MARV neutralizing 

antibody generation. The pressure to the immune system may play some roles in the neutralizing 

antibody production. The neutralizing antibody titer in serum will be detectable after the 

challenge with real MARV, even though the neutralization titer was quite limited. And some 

other studies about VLP vaccines suggested that a VLP vaccine expressing MARV GP, VP40 

and NP cannot lead to the generation of neutralizing antibodies (Warfield & Aman, 2011). In this 

case, a VSV based vaccine expressing both MARV GP on the surface and VP35 inside the viral 

particle might work in developing neutralizing antibodies.  
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Another possible way to generate neutralizing antibodies is developing neutralizing antibodies 

after MARV exposure. As mentioned previously, a limited neutralizing antibody titer could be 

detected in babl/c mice after MA-MARV challenge. Some studies suggested a higher 

neutralizing antibody titer was observed in NHPs after MARV exposure.   

The hybridoma technology is hard to use due to the spleen being a target of MARV as well. The 

fusion could be performed after the viruses were totally cleared. But some studies suggested the 

EBOV and MARV viral RNA could be silent in the cells of survivors. It may cause MARV re-

infecting during the hybridoma growth, although the B cells are not the targets of MARV. 

Another problem is the limited neutralizing antibody titer, which is linked to the limited number 

of neutralizing antibodies produced from splenocytes. 

A possible method to develop neutralizing antibody is to build up an antibody library from the 

NHPs that have neutralizing antibodies. B cells will finish the differentiation in the spleen and 

then transfer to the bone marrow to produce antibodies. But the heavy chain and light chain 

genes of antibodies were already generated in B cells after the differentiation. Furthermore, the 

memory B cells are also located at bone marrow. In this case, collecting bone marrow of NHPs 

with neutralizing antibodies could collect most of the heavy chains and light chains genes in this 

animal. In theory, the neutralizing antibody heavy chain and light chain genes should be present. 

However, the problem of this method is that it is impossible to collect all the bone marrow, even 

though most of the antibody sequence could be collected.  
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CHAPTER: 5      CONCLUSIONS 

VSV-based vaccines expressing MARV-GP and MARV-ΔMuc GP were used to try to generate 

neutralizing antibodies against MARV. The evaluation of two vaccines was performed to 

compare the vaccine efficacy. The virus growth kinetics showed there was no significant 

difference between the infection and replication of the two vaccines. It suggested the mucin-like 

domain in live MARV vaccines did not influence the infection efficiency in vitro assay. 

However, the results of pre-challenge IgG response detection suggested removing the mucin-like 

domain could significantly increase the primary IgG response in BALB/c mice.  

The survival study indicated both vaccines could protect MA-MARV infected mice, but the 

VSV-MARV-GP vaccine provided 20% higher protection than VSV-MARV-ΔMuc GP vaccine. 

A lower clinical score and lower weight loss of full GP group mice were observed. Those initial 

results also provided some circumstantial evidence about the vaccine efficacy difference and 

vaccine protection. Furthermore, the detection of viral RNA levels suggested the VSV-MARV-

GP vaccine could help to decrease the load of viral RNA in blood at 4 dpi. Both vaccines showed 

abilities to decrease the viral RNA replication in blood and several tissues at 6 dpi. However, the 

viral RNA level in the VSV-MARV-GP group was slightly lower than the VSV-MARV-ΔMuc 

GP group both at 4 dpi and 6 dpi. All these results suggest that removing the mucin-like domain 

reduced the vaccine protection. The vaccine efficacy study also showed that the mice contained 

high level of non-neutralizing IgG levels in sera were observed lower weight lose, clinical signs, 

and viral RNA replication than those of other mice. These results indicate the non-neutralizing 

antibodies probably play an important role in the protection against MA-MARV infection, a 

possible function of these antibodies is ADCC.  

Both the results of monoclonal antibodies development and vaccine evaluations suggested the 

mucin-like domain of MARV is not the key for induction of neutralizing antibody generation in 

blab/c mice. VSV-MARV-ΔMuc GP cannot induce neutralizing antibodies in the immunized 

BALB/c mice. However, a limited neutralizing antibody response was detected in the serum of 

some infected mice. Furthermore, some publications also observed neutralizing antibodies in 

MARV-infected NHP survivors. In this case, some other mechanisms behind the MARV 

infection are the keys of anti-MARV neutralizing antibody generation. 
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Overall, based on the results presented in this study and the evidence from the literature, several 

conclusions are suggested. The mucin-like domain is not the key to developing neutralizing 

antibodies against MARV. On the other hand, removing the mucin-like domain on vaccine 

induced an earlier IgG response and lower protection, which suggested the mucin-like domain 

might contain some functions which affect immune evasion and viral life cycle. Non-neutralizing 

antibodies likely played an important role in MARV infection protection, a possible mechanism 

is the ADCC antibody function. And to get more treatment candidates against MARV, 

neutralizing antibodies against MARV might be generated from MARV-infected mouse or NHP 

survivors.  
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