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NEPRC   New England Primate Research Center 
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NERCE/BEID   New England Regional Center of Excellence/Biodefense  
 and Infectious Diseases 

NIAID    National Institute of Allergy and Infectious Diseases 
NP    filoviral nucleoprotein 
NP    filoviral nucleoprotein gene 
OR    gene overlapping region 
PAGE    polyacrylamide gel electrophoresis 
PCR    polymerase-chain reaction 
pfu    plaque-forming unit 
PMO    phosphorodiamidate morpholino oligomer 
PS    penicillin and streptomycin 
R.F.U.    relative fluorescence units 
RBD    receptor-binding domain 
RBR    receptor-binding region 
REBOV   Reston ebolavirus 
REBOV-Pen   Reston ebolavirus isolate Pennsylvania 
RNP    ribonucleoprotein 
rpm    revolutions per minute 
RT-PCR   reverse-transcription polymerase-chain reaction 
SARS-CoV   severe acute respiratory syndrome coronavirus 
SCID    severe-combined immunodeficiency 
SDS    sodium dodecylsulfate 
SEAP    secreted alkaline phosphatase 
SEBOV   Sudan ebolavirus 
SEBOV-Bon   Sudan ebolavirus isolate Boniface 
SEBOV-Gul   Sudan ebolavirus isolate Gulu 
sGP    ebolaviral secreted glycoprotein 
SP    signal peptide 
ssGP    ebolaviral secondary secreted glycoprotein 
SU    (retroviral) surface unit 
t    trailer sequence 
TfR1    transferrin receptor 1 
TM    (filoviral) transmembrane domain 
TM    (retroviral) transmembrane unit 
TPMV    Tupaia paramyxovirus 
Tsg    tumor susceptibility gene 
‘UEBOV’   ‘Uganda ebolavirus’ 
USAMRIID   United States Army Medical Research Institute of  

 Infectious Diseases 
UV    ultraviolet 
VEEV    Venezuelan equine encephalitis virus 
VHF    viral hemorrhagic fever 
VOPBA   virus-overlay protein-binding assay 
VP24, VP30, VP35,VP40 (filo)viral proteins 24, 30, 35, 40 
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VP24, VP30, VP35, VP40 (filo)viral protein genes 24, 30, 35, 40 
VP40    filoviral matrix protein 
VSIV    vesicular stomatitis Indiana virus 
Z    benzyloxycarbonyl 
ZEBOV   Zaire ebolavirus 
ZEBOV-Kik   Zaire ebolavirus isolate Kikwit 
ZEBOV-May   Zaire ebolavirus isolate Mayinga 
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5 INTRODUCTION 

5.1 Filoviruses 

5.1.1 Background 

Filoviruses (marburgviruses and ebolaviruses) are exotic and emerging infectious 

pathogens (86). In humans and various nonhuman primates, filoviruses cause viral 

hemorrhagic fevers (VHFs), which are severe clinical syndromes characterized by 

capillaropathy, fever, and a tendency towards bleeding (93, 252). Human infections occur 

by direct contact with infected animals or their excreta and secreta. Filoviruses are highly 

infectious, but not very contagious, agents. Virus spread within a human population 

predominantly occurs via direct body-to-body contact or via blood products and 

contaminated clinical utensils. This is the reason why the overall number of recorded 

human filovirus infections (2,731 cases and 1,884 confirmed deaths since the discovery of 

filoviruses in 1967) is low despite case-fatality rates of up to 90% in infected populations in 

larger outbreaks. 

 Currently, there are no licensed vaccines for the prevention and no specific 

antivirals for the treatment of filovirus infections. Consequently, many institutions and 

experts consider filoviruses a potential threat to humanity because they could be used as 

biological weapons (29). Filovirus public-health and biodefense research must be 

performed in maximum-containment laboratory facilities. In the US, filoviruses are 

classified as Class 4 biosafety pathogens (275), Select Agents (47) and National Institute of 

Allergy and Infectious Diseases (NIAID) Category A Priority Pathogens (198), and are 

handled under biosafety-level (BSL)-4 containment to protect laboratory workers from 

infection (275) (Figure 5-1). Overall, filovirus-research progress has been slow because 

only few such facilities exist worldwide, because maximum-containment research is 

tedious and complicated, and because the classification as threat agents limits the number 

of researchers permitted to handle them. 
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Figure 5-1. Maximum-containment laboratory  
Two laboratorians working under a flow hood inside a biosafety-level-4 suit laboratory 
(courtesy of CDC/Jim Gathany, obtained from CDC’s Public Health Image Library at 
http://phil.cdc.gov/phil/home.asp) 

 

5.1.2 Filovirus taxonomy and phylogeny 

Particles of marburgviruses (named after the German city of Marburg an der Lahn in Hesse 

(245)) and ebolaviruses (named after the Ebola River in what is now the Democratic 

Republic of the Congo (111)) have distinctive filamentous morphologies unique among 

vertebrate viruses (70, 103). These viruses were grouped together as a new taxon because 

they are antigenically distinct from any other virus known (1, 46, 209, 246, 277) and 

because they are also unique on a molecular level. Today, they are classified in their own 

family Filoviridae (from Latin filum: thread) (151). Sufficient molecular similarities were 

uncovered among viruses in the families Bornaviridae, Filoviridae, Paramyxoviridae, and 

Rhabdoviridae to group all of them in one order, Mononegavirales (214, 215) (Table 5-1). 

All mononegaviral particles are enveloped and contain a single copy of a negative-sense 

and single-stranded genomic RNA with similar genomic organization (160, 216). 

Conserved regions at the 3’ and 5’ ends of the genomes encode the core proteins and the 

viral polymerases. Variable regions, located between the conserved regions, encode the 

envelope-associated proteins (160, 216). 

http://phil.cdc.gov/phil/home.asp�
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Table 5-1. Current organization of the viral order Mononegavirales (80, 214, 215) 

Order Family Subfamily Genus/Genera Type species 
Mononegavirales  

Bornaviridae 
  

 
Bornavirus 

 
 
Borna disease virus 

Filoviridae   
Ebolavirus 
Marburgvirus 

 
Zaire ebolavirus 
Lake Victoria marburgvirus 

Paramyxoviridae  
Paramyxovirinae 

 
 
Avulavirus 
Henipavirus 
Morbillivirus 
Respirovirus 
Rubulavirus 
“TPMV-like viruses” 
  

 
 
Newcastle disease virus 
Hendra virus 
Measles virus 
Sendai virus 
Mumps virus 
Tupaia paramyxovirus 

Pneumovirinae  
 
Metapneumovirus  
Pneumovirus 

 
 
Avian metapneumovirus 
Human respiratory syncytial virus 
 

Rhabdoviridae   
Cytorhabdovirus 
Ephemerovirus 
Lyssavirus 
Novirhabdovirus  
Nucleorhabdovirus 
Vesiculovirus 

 
Lettuce necrotic yellows virus 
Bovine ephemeral fever virus  
Rabies virus 
Infectious hematopoietic necrosis virus 
Potato yellow dwarf virus 
Vesicular stomatitis Indiana virus 
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Table 5-2. Differentiation of marburgviruses and ebolaviruses (80, 103) 

 Marburgviruses Ebolaviruses 

Antigenic cross-reactivity with members of the 
other filoviral genus 

Minimal Minimal 

Average particle length 795-828 nm 974-1,086 nm 

Genome length 19.1 kb 18.9 kb 

Gene overlaps One Several (two in the Reston ebolavirus 
genome, three in the Sudan and Zaire 
ebolavirus genomes; unknown number in the 
Côte d’Ivoire ebolavirus and ‘Uganda 
ebolavirus’ genomes) 

Co-transcriptional GP mRNA editing No Yes 

Protein profile Seven structural proteins; homologous 
protein sequences among all isolates, clearly 
distinct from proteins expressed by 
ebolaviruses 

Seven structural proteins and two 
nonstructural proteins; species-specific 
sequence protein differences, clearly distinct 
from proteins expressed by marburgviruses 

Case-fatality rate in humans in larger 
outbreaks 

≥25-90% ≥25-90% (exceptions are Côte d’Ivoire 
ebolavirus and Reston ebolavirus at 0%) 
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Table 5-3. Current filovirus taxonomy (80, 179) 

Order Family Genus Species Virus (Abbreviation) 

Mononegavirales  

Filoviridae 

 

 

Ebolavirus 

 

 

 

 

 

Marburgvirus 

 

 

 

Côte d’Ivoire ebolavirus 

Reston ebolavirus 

Sudan ebolavirus 

‘Uganda ebolavirus’ 

Zaire ebolavirus 

 

Lake Victoria marburgvirus 

 

 

 

Côte d’Ivoire ebolavirus (CIEBOV) 

Reston ebolavirus (REBOV) 

Sudan ebolavirus (SEBOV) 

‘Uganda ebolavirus’ (‘UEBOV’) 

Zaire ebolavirus (ZEBOV) 

 

Lake Victoria marburgvirus (MARV) 
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Progressive characterization of the filoviruses revealed substantial differences 

between the marburgviruses and ebolaviruses (58, 224) (Table 5-2), leading to the 

establishment of two genera, Marburgvirus and Ebolavirus, within the family Filoviridae 

(85, 181). The genus Marburgvirus contains only one species, Lake Victoria marburgvirus, 

which is represented by a single virus, Lake Victoria marburgvirus (MARV). The genus 

Ebolavirus contains five species: Côte d’Ivoire ebolavirus (Côte d’Ivoire ebolavirus, 

CIEBOV), Reston ebolavirus (Reston ebolavirus, REBOV), Sudan ebolavirus (Sudan 

ebolavirus, SEBOV), ‘Uganda ebolavirus’ (‘Uganda ebolavirus,’ ‘UEBOV’), and Zaire 

ebolavirus (Zaire ebolavirus, ZEBOV) (80, 179) (Table 5-3). In comparison, the genomes 

of members of the five ebolaviral species differ genetically by 37-41% at the nucleotide 

level, and all of them differ from MARV genomes by >65% (83) (Figure 5-2). 

 

5.1.3 Filovirus epidemiology 

Marburgviruses were first recognized in August of 1967, when hemorrhagic fever 

outbreaks were reported almost simultaneously in Marburg an der Lahn and Frankfurt am 

Main in Germany, and in Belgrade, Yugoslavia (245, 254, 268). The outbreaks occurred 

among laboratory professionals who were involved in the production and safety testing of 

poliomyelitis vaccines. Personnel became infected during necropsies of African green 

monkeys (Chlorocebus aethiops) or while handling their tissues or contaminated laboratory 

equipment. In total, 31 people fell gravely ill, and seven of them died. The three outbreaks 

were connected as all three laboratories had imported the African green monkeys at about 

the same time from the same nonhuman primate exporter in Uganda. A novel virus, today 

known as Lake Victoria marburgvirus (MARV) (80), was isolated from clinical materials 

from patients at all three locations and established as the etiological agent of the new 

disease, marburgvirus disease. In the following years and decades, MARV reemerged only 

sporadically (see Table 5-4 for a chronological listing of all confirmed filovirus-disease 

outbreaks), until a large marburgvirus-disease outbreak (154 cases, 128 deaths) was 

recorded between 1998-2000 in the Democratic Republic of the Congo among illegal gold 

miners (19, 21, 135). The largest outbreak was recorded in 2004-2005 in Angola, where at 

least 252 people came down with marburgvirus disease and of whom 227 died (135, 311, 

313).  



 27

 

 

 

Figure 5-2. Phylogenetic analysis of filovirus isolates using the filoviral RNA-
dependent RNA polymerase genes 

MARV, Lake Victoria marburgvirus; REBOV, Reston ebolavirus; SEBOV, Sudan 
ebolavirus; ZEBOV, Zaire ebolavirus; Kik, Kikwit isolate; May, Mayinga isolate; Bon, 
Boniface isolate; Gul, Gulu isolate; DRC, Democratic Republic of the Congo isolate; Ozo, 
Ozolin isolate; Pop, Poppinga isolate; Ci67, Cieplik isolate; Mus, Musoke isolate. RNA-
dependent RNA polymerase gene (L) gene sequences of Côte d’Ivoire ebolavirus 
(CIEBOV) and ‘Uganda ebolavirus’ (‘UEBOV’) have yet to be published ((157), 
reproduction with permission) 
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Table 5-4. Chronology of filovirus-disease outbreaks 

Year Location Human cases/deaths 
(% case-fatality rate) 

Filovirus involved Reference(s) 

1967 Germany (Marburg an der Lahn, 
Frankfurt am Main), Yugoslavia 
(Belgrade) 

31/7 (22.6%) Lake Victoria marburgvirus (245, 254, 268) 

1975 Rhodesia/South Africa 
(Johannesburg) 

3/1 (33.3%) Lake Victoria marburgvirus (57, 97) 

1976 Sudan (Nzara, Maridi) 284/151 (53.2%) Sudan ebolavirus (9, 308) 
1976 Zaire (Yambuku) 318/280 (88.1%) Zaire ebolavirus (31, 36, 309) 
1976 United Kingdom (laboratory 

infection, Porton Down) 
1/0 (0%) Sudan ebolavirus (74) 

1977 Zaire (Bonduni) 1/1 (100%) Zaire ebolavirus (125) 
1979 Sudan (Nzara) 34/22 (64.7%) Sudan ebolavirus (15) 
1980 Kenya (Mount Elgon/Nzoia) 2/1 (50%) Lake Victoria marburgvirus (251) 
1987 Kenya (Mombassa/Mount Elgon) 1/1 (100%) Lake Victoria marburgvirus (144) 
1988 USSR (laboratory infection, 

Koltsovo) 
1/1 (100%) Lake Victoria marburgvirus (5) 

1989-1990 
 

US (Alice, Philadelphia, Reston), 
Philippines (Luzon) 

Epizootic Reston ebolavirus (138) 

1990 USSR (laboratory infection, 
Koltsovo) 

1/0 (0%) Lake Victoria marburgvirus (201) 

1992 Italy (Siena), Philippines (Luzon) Epizootic Reston ebolavirus (56) 
1994 Côte d’Ivoire 

(Guiglot)/Switzerland (Basel) 
1/0 (0%) Côte d’Ivoire ebolavirus (89) 

1994-1995 Gabon (Andok, Mékouka, Minkébé, 
Mayéla-Mbeza, Ovan, Etakangaye) 

52/32 (61.5%) Zaire ebolavirus (8, 90, 106, 107) 

1995 Zaire (Kikwit) 317/245 (77.3%) Zaire ebolavirus (135, 197, 307) 
1996 Gabon (Mayibout II, Makokou) 31/21 (67.7%) Zaire ebolavirus (106, 107) 
1996 US (Alice), Philippines (Luzon) Epizootic Reston ebolavirus (227) 
1996 Russia (laboratory infection, Sergiyev 

Posad-6) 
1/1 (100%) Zaire ebolavirus (135) 

1996-1997 Gabon (Balimba, Bouée, 62/46 (74.2%) Zaire ebolavirus (106, 107) 
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Lastoursville, Libreville, Lolo), South 
Africa (Johannesburg) 

1998-2000 Democratic Republic of the Congo 
(Durba, Watsa) 

154/128 (83.1%) Lake Victoria marburgvirus (19, 21, 135) 

2000-2001 Uganda (Gulu, Masindi, Mbarara 
Districts) 

425/224 (52.7%) Sudan ebolavirus (26, 108, 135, 205) 

2001-2002 Gabon (Ekata, Etakangaye, 
Franceville, Grand Etoumbi, 
Ilahounene, Imbong, Makokou, 
Mékambo, Mendema, Ntolo) and 
Congo (Abolo, Ambomi, Entsiami, 
Kéllé, Olloba) 

124/97 (78.2%) Zaire ebolavirus (165, 185, 202) 

2002 Congo (Olloba)/Gabon (Ekata)  11/10 (90.9%) Zaire ebolavirus (135, 213) 
2002-2003 Congo (Yembelengoye, Mvoula) 143/128 (89.5%) Zaire ebolavirus (135, 213) 
2003-2004 Congo (Mbomo, Mbanza) 35/29 (82.9%) Zaire ebolavirus (30) 
2004 Russia (laboratory infection, 

Koltsovo) 
1/1 (100%) Guinea pig-adapted Zaire 

ebolavirus 
(3) 

2004 Sudan (Yambio) 17/7 (41.2%) Sudan ebolavirus (135, 217, 264) 
2004-2005 Angola (Uíge Province) 252/227 (90.1%) Lake Victoria marburgvirus (135, 311, 313) 
2005 Congo (Etoumbi, Mbomo) 11/9 (81.9%) Zaire ebolavirus (310) 
2007 Uganda (Kakasi Forest Reserve) 2/1 (50%) Lake Victoria marburgvirus (135, 312) 
2007 Uganda (Kakasi Forest Reserve) 1/1 (100%) Lake Victoria marburgvirus (135, 312) 
2007 Democratic Republic of the Congo 

(Kampungu, Mweka, Mwene-Ditu) 
264/187 (70.8%) Zaire ebolavirus (135) 

2007 Uganda (Bundibugyo District) 149/25 (16.8%) ‘Uganda ebolavirus‘ (135, 179) 
2008 Uganda (Maramagambo  

Forest)/The Netherlands 
1/1 (100%) Lake Victoria marburgvirus Unpublished 
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The ebolaviruses were discovered in 1976, when two almost simultaneous 

hemorrhagic fever outbreaks occurred in Sudan and Zaire (now Democratic Republic of the 

Congo). The viruses isolated from patients resembled MARV in appearance as judged by 

electron microscopy, but proved to be antigenically distinct (9, 31, 145, 308, 309). In both 

countries, the outbreaks began with single index infections and were amplified 

nosocomially in local hospitals and then carried into neighbouring villages. In Sudan, 151 

of 284 infected people died (9, 308), whereas the death toll in Zaire was 280 out of 318 

infected people (31, 36, 309). Molecular studies later proved that the viruses isolated in 

Sudan and Zaire are not only different from MARV, but also differ considerably from each 

other (58, 85, 181, 224). Today, they are referred to as Sudan ebolavirus (SEBOV) and 

Zaire ebolavirus (ZEBOV), respectively (80), and the diseases they cause are referred to as 

Sudan and Zaire ebolavirus disease, respectively. SEBOV only caused one additional large 

outbreak. In 2004, it resurfaced around Gulu in Uganda. Again, the disease was amplified 

in local hospitals and spread into several Ugandan administrative districts. There were at 

least 425 human cases and 224 deaths (26, 108, 135, 205). As in other ebolavirus-disease 

outbreaks, burial rituals, and caring of and close contact with the sick had additionally 

contributed to the spread of the virus (92). ZEBOV repeatedly caused large outbreaks in 

Gabon between 1994 and 2001 (106, 107, 185, 213), in Congo between 2001 and 2005 

(135, 165, 213), and in the Democratic Republic of the Congo in 1995 and 2007 (135, 197, 

307). Most of these outbreaks began with people who had hunted animals in the forest or 

found dead animals and consumed them. Today, it is thought that especially ZEBOV is 

causing wandering epizootics among central chimpanzees (Pan troglodytes troglodytes) 

and western lowland gorillas (Gorilla gorilla gorilla), which contribute dramatically to 

their population decline (133, 149, 159).  

Between 1989-1990, almost uniformly fatal epizootics occurred among captive 

cynomolgus macaques (Macaca fascicularis) in the US. The macaques had been imported 

from a supplier in the Philippines. Diagnostic tests revealed coinfection of the animals with 

simian hemorrhagic fever virus (an arterivirus) and a filovirus-like agent. Further tests 

revealed that the latter was related to, but distinct from, SEBOV and ZEBOV. The agent is 
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now referred to as Reston ebolavirus (REBOV) (138). REBOV and simian hemorrhagic 

fever virus were again isolated during epizootics among captive cynomolgus macaques in 

Italy in 1992 (56) and in the US in 1996 (227). In both instances, the macaques came from 

the same Philippine supplier implicated in the first emergence of REBOV. It remains 

unclear how REBOV was introduced into this facility, and the virus has not been 

encountered since as the facility was shut down immediately after the third REBOV disease 

epizootic in 1996. Interestingly, human Reston ebolavirus disease has not yet been 

observed, and REBOV is therefore considered apathogenic for humans by many specialists.  

In 1994, a group of western chimpanzees (Pan troglodytes verus) was decimated by 

a hemorrhagic disease in Côte d’Ivoire. A filovirus was detected by electron microscopy in 

tissues from one of the apes. Today, it is referred to as Côte d’Ivoire ebolavirus (CIEBOV). 

Thus far, CIEBOV caused only one (nonfatal) human infection, which occurred during a 

necropsy of one of the deceased apes (89, 91). The fifth ebolavirus, ‘Uganda ebolavirus’ 

(‘UEBOV’), was discovered in 2007 during an outbreak of severe gastrointestinal disease 

in Uganda. Data describing this outbreak have yet to be published (135, 179). 
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Figure 5-3. Filovirus-disease outbreaks 
Countries affected by outbreaks are highlighted in color. White: Côte d’Ivoire ebolavirus 
disease (Côte d’Ivoire); yellow: Reston ebolavirus disease (Philippines); red: Sudan 
ebolavirus disease (Sudan, Uganda); black: ‘Uganda ebolavirus disease’ (Uganda); orange: 
Zaire ebolavirus disease (Congo , Democratic Republic of the Congo, Gabon); green: 
marburgvirus disease (Angola, Democratic Republic of the Congo, Kenya, Uganda, 
Zimbabwe). The location of laboratory infections is shown by colored dots. Red: Sudan 
ebolavirus disease (United Kingdom – Porton Down); orange: Zaire ebolavirus disease 
(Russia – Sergiyev Posad-6, Koltsovo); green: marburgvirus disease (Russia – Koltsovo). 
Arrows show exported human or animal infections (adapted from (157), reproduction with 
permission) 

 

5.1.4 Ecology of filoviruses 

Serological surveys were performed repeatedly among humans living in Africa and 

elsewhere to define the geographical distribution of filoviruses. Most of these studies were 

performed using indirect immunofluorescence assays (IFAs) and revealed a relatively high 

(5-20%) seroprevalence of anti-ebolavirus antibodies, and a relatively low (1-5%) 

seroprevalence of anti-marburgvirus antibodies (for a thorough overview of these studies 
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see (157)). However, it is commonly thought today that these results are largely artifacts, 

given that IFAs are prone to cross-reactions with antibodies not directed against filoviruses 

and because filovirus disease has so far not been recorded in many areas with allegedly 

high seroprevalence of anti-filovirus antibodies. Indeed, enzyme-linked immunosorbent-

assay (ELISA) and western-blot studies mostly failed to confirm the presence of such 

antibodies in sera testing positive using IFAs (157). 

The natural hosts of filoviruses still remain to be identified. If one ignores the 

contradictory data obtained during serological surveys and if one then analyzes disease-

outbreak distribution and their particularities, one comes to the conclusion that the hosts are 

native to central Africa and possibly the Philippines. Several hypotheses have been brought 

forward as to the identity of these hosts (191). Initially, it was thought that nonhuman 

primates could be harboring the filoviruses, given that these animals were often associated 

with large human outbreaks of filovirus disease. However, it is now clear that filoviruses 

are even more virulent for African green monkeys, baboons, macaques, and apes than for 

humans, thereby excluding them as stable reservoirs, which should sustain persistent and 

subclinical infections (253). Consequently, the focus of the host search is now on 

organisms that are in contact with nonhuman primates, such as duikers (which follow 

chimpanzees and the fruit they leave behind) or arthropods (insects and ticks that may 

parasitize the animals) (163, 191, 223). Bats, which may coinhabit fruit trees occupied by 

nonhuman primates, are another focus of interest, especially because many of them live in 

caves, which were often associated with human filovirus-disease outbreaks as well. Most 

studies performed thus far have not even yielded traces of filoviruses (35, 109, 163, 223), 

but intriguing data on the reservoirs of filoviruses have been obtained from studies with 

bats. Experimental infections of Angolan free-tailed bats (Mops condylurus), little free-

tailed bats (Chaerephon pumila), and Wahlberg’s epauletted fruit bats (Epomophorus 

wahlbergi) with ZEBOV resulted in limited replication without overt signs of disease and 

recovery of the virus from bat feces three weeks after inoculation (259). During screening 

studies, IgG antibodies to ZEBOV and ZEBOV genomic fragments were detected in some 

Franquet’s epauletted bats (Epomops franqueti), hammer-headed fruit bats (Hypsignathus 
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monstrosus), and little collared fruit bats (Myonycteris torquata), but infectious virus could 

not be recovered (164). IgG antibodies to MARV and MARV genomic fragments, but 

again not infectious virus, were detected by nested reverse-transcription polymerase-chain 

reaction (RT-PCR) in Egyptian fruit bats (Rousettus aegyptiacus) (271). Therefore, bats as 

reservoirs for filoviruses remains only a hypothesis at this point in time. 

 

5.1.5 Clinical and pathological presentation of filovirus infections 

Filoviruses are transmitted through direct contact. They enter humans and nonhuman 

primates through small skin lesions or through erosions of the mucous membranes and then 

infect their initial target cells, macrophages, which transport them throughout the body 

(230). The clinical and pathological presentation of marburgvirus and ebolavirus infections 

in humans is very similar (Tables 5-5 and 5-6), and occurs usually in two phases (21, 43, 

273). During the early phase, after an incubation time of 3-7 days, patients present with 

influenza-like symptoms, such as abdominal pain, anorexia, arthralgia, asthenia, back pain, 

diarrhea, fever, headaches, enlarged lymph nodes, myalgia, nausea, pyrexia or vomiting. A 

maculopapular rash, reminiscent of the rash observed during measles, usually develops 

after approximately seven days on the face, buttocks, trunk, or arms, and later generalizes 

over almost the entire body. Patients then either recover (often with sequelae, such as 

alopecia, prolonged weight loss, arthralgia, conjunctivitis, loss of vision or hearing, 

parotitis, psychosis, orchitis, dysesthesias or pericarditis), or progress to the second phase 

characterized by anuria, hiccups, terminal tachypnea, and hemorrhagic manifestations, such 

as bleeding from the gums, hematemesis, hemoptysis, melena or hematuria. Neurological 

involvement is infrequent and involves confusion, convulsions, meningitis, tinnitus, hearing 

loss, sudden bilateral blindness or dysesthesias. Death occurs usually 8-16 days after 

infection in shock after multiorgan failure, often brought on by secondary bacterial 

infections (10, 21, 43, 91, 211). 
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Table 5-5. Symptoms of 22 survivors of marburgvirus disease and 107 fatally infected 

patients, Democratic Republic of the Congo, 1998-2000 (21, 273) 

Clinical symptom Frequency observed in 
survivors (%) 

Frequency observed in 
fatal cases (%) 

Abdominal pain 
Anorexia 
Arthralgia or myalgia 
Bleeding from puncture sites 
Bleeding from the gums 
Bleeding from any site 
Chest pain 
Conjunctival injection 
Cough 
Diarrhea 
Difficulty breathing 
Epistaxis 
Fever 
Headaches 
Hematemesis 
Hematoma 
Hemoptysis 
Hiccups 
Lumbar pain 
Malaise or fatigue 
Melena 
Nausea and vomiting 
Petechiae 
Sore throat, odynophagia or 
dysphagia 

59
77
55
0

23
59
18
14
9

59
36
18

100
73
68
0
9

18
5

86
41
77
9

43

57
72
55
7

36
71
4

42
5

56
58
34
92
79
76
3
4

44
8

83
58
76
7

43
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Table 5-6. Symptoms of 19 survivors of Zaire ebolavirus disease and 84 fatally 

infected patients, Zaire, 1995 (43) 

Clinical symptom Frequency 
observed in 
survivors (%) 

Frequency observed in 
fatal cases (%) 

Abdominal pain 
Abortion 
Anorexia 
Anuria 
Arthralgia or myalgia 
Asthenia 
Bleeding from puncture sites 
Bleeding from the gums 
Bloody stools 
Chest pain 
Conjunctival injection 
Convulsions 
Cough 
Diarrhea 
Dysesthesia 
Epistaxis 
Fever 
Headaches 
Hearing loss 
Hematemesis 
Hematoma 
Hematuria 
Hemoptysis 
Hepatomegaly 
Hiccups 
Lumbar pain 
Maculopapular rash 
Melena 
Nausea and vomiting 
Petechiae 
Sore throat, odynophagia or dysphagia 
Splenomegaly 
Tachypnea 
Tinnitus 

68
5

47
0

79
95
5
0
5
5

47
0

26
84
5
0

95
74
11
0
0

16
11
5
5

26
16
16
68
0

58
5
0

11

62
2

43
7

50
85
8

15
7

10
42
2
7

86
0
2

93
52
5

13
2
7
0
2

17
12
14
8

73
8

56
2

31
1
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Clinical chemistry usually reveals elevated levels of serum glutamic-oxaloacetic 

transaminase, serum glutamic-pyruvic transaminase, glutamate dehydrogenase, sorbitol 

dehydrogenase, and γ-glutamyl transpeptidase, indicating liver damage. Other typical 

findings are elevated levels of creatinine and urea levels prior to renal failure, and 

hypokalemia because of diarrhea and vomiting. Leukopenia with a left shift of the 

granulocytes can usually be detected during the first days of disease, accompanied by 

severe thrombocytopenia. During the second clinical stage, leukocytosis becomes eminent. 

Blood fails to clot concomitant with a decrease of clotting factors and prolonged thrombin 

and cephalin times, indicating disseminated intravascular coagulation (69, 91, 121, 155, 

176, 211, 258).  

 Only very few autopsies of humans fatally infected with filoviruses have been 

performed. However, the pathological presentation of filoviruses is rather uniform. Focal 

necroses are typical findings in almost all organs in the almost complete absence of 

inflammatory reactions. The most severe destruction is usually seen in the liver (debris-

laden Kupffer cells, destroyed parenchyma, siderosis, fatty degeneration), lymphatic system 

(follicle necrosis, necrosis of the red pulp of the spleen and the medulla of the lymph 

nodes), and kidneys (destroyed parenchyma, tubular insufficiency). Panencephalic glial 

nodule encephalitis is a typical finding in humans infected with MARV. Skin hemorrhages 

and hemorrhages into the gastrointestinal tract, as well as increased vascular permeability 

are also observed (22, 62, 98, 137, 196, 231).  

Animal filovirus-disease models (mice, guinea pigs, hamsters, and nonhuman 

primates) have been developed that reproduce diseases similar, but not identical, to those 

observed in naturally-infected humans (101, 126, 255). Wild-type filoviruses only infect 

primates, whereas infections in rodents are only successful after virus adaptation through 

serial passage (33, 229, 290). 
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5.1.6 Treatment of filovirus infections 

Currently, no specific antivirals are licensed for the treatment of filovirus infections. 

Hospital treatment must therefore rely on intensive supportive care, including oral and 

intravenous nutritional support, anti-microbials to treat or prevent secondary infections, and 

intravenous rehydration to maintain blood volume and electrolyte balance (32, 101). 

Whether such treatment influences the outcome of the disease remains to be demonstrated. 

Experimental approaches to prolong survival include the administration of interferon (IFN). 

For instance, recombinant IFN-α2b decreased ZEBOV replication 100-fold in tissue 

culture. Unfortunately, daily administration of the drug to cynomolgus macaques only 

delayed viremia and death by one day (139). Similarly disappointing results were obtained 

with other IFN preparations or IFN inducers. Inhibitors of the tissue-factor pathway are 

currently evaluated as antifiloviral drugs since filoviruses induce the overexpression of the 

procoagulant tissue factor. In one study, subcutaneous administration of recombinant 

nematode anticoagulant protein c2 (rNAPc2) prolonged the survival time of rhesus 

macaques infected with guinea pig-adapted ZEBOV and protected individual animals from 

death (102). Filovirus-neutralizing antibodies are sought after for treatment, but none have 

yet been isolated that could ensure survival of filovirus-infected nonhuman primates. For 

instance, a filoviral spike protein-specific IgG1 antibody named KZ52 protected guinea pigs 

against challenge with ZEBOV if administered 1 h before or 1 h after challenge (208). 

However, the same antibody had no effect on the survival of challenged rhesus macaques 

(206). Nucleoside analogs also have been evaluated for the treatment of filovirus disease, 

but none, including ribavirin, had any beneficial effect in nonhuman primate models of the 

disease. On the other hand, inhibitors of S-adenosylhomocysteine hydrolase, such as 

carbocyclic 3-deazaadenosine/3-deazaaristeromycin (C-c3Ado) and 3-deazaneplanocin A 

(c3-Npc A), increased the mean survival time of infected mice and African green monkeys 

infected with ZEBOV (132). Finally, phosphorodiamidate morpholino oligomers (PMOs), 

which act as antisense analogs and knock down specific filoviral mRNAs, could protect 

75% of rhesus macaques challenged with ZEBOV despite the development of clinical 

symptoms (296).  
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5.1.7 Diagnosis of filovirus infections 

The clinical symptoms of filovirus infections are rather unspecific, and pathognomonic 

markers of these diseases have not yet been uncovered. Other viral hemorrhagic fevers, in 

particular those caused by Rift Valley fever virus, yellow fever virus, Crimean-Congo 

hemorrhagic fever virus or Lassa virus, are part of the differential diagnosis, as are other 

African diseases, such as falciparum malaria, plague, measles, gram-negative septicemia, 

shigellosis, typhoid fever or platelet and vascular disorders (82, 96). Rapid diagnosis of 

filovirus infections is essential for the containment of ongoing outbreaks, and requires 

methods that can be performed in the field in the absence of sophisticated equipment. In 

recent years, RT-PCR has evolved to the gold-standard for filovirus diagnosis in the field 

and has taken the place of previously widely used IFAs and ELISAs. Confirmatory 

diagnosis of RT-PCR-positive samples is usually performed by virus isolation in 

maximum-containment facilities (113, 272). 

 

5.1.8 Molecular biology of filoviruses 

5.1.8.1 Filoviral particles  

Filovirions are elongated, thread- or filamentous particles that often occur in torus-, 

horseshoe- or 6-shaped forms. These shapes are unique among human viruses (Figure 5-4), 

allowing quick and unequivocal diagnosis of tissue infection using electron microscopy. 

The particles have an average mass of 3.82x105 kD, a buoyant density in potassium tartrate 

of 1.14 g/cm3, and a sedimentation coefficient of 1,300-1,400 S (153).  
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Figure 5-4. Transmission electron micrograph of a Zaire ebolavirus particle  
(Courtesy of CDC/Cynthia Goldsmith, obtained from CDC’s Public Health Image Library 
at http://phil.cdc.gov/phil/home.asp) 

 

Filovirus particles are, on average, 795-828 nm (MARV), 1,026-1,086 nm 

(REBOV), 974-1,063 nm (SEBOV) or 990-1,086 nm (ZEBOV) long and 78-80 nm in 

diameter (103). The particles possess an envelope derived from the host-cell membrane. 

Within the filoviral envelope, ~5-10 nm-long spike proteins (GP1,2) protrude at ~10 nm 

intervals. A lattice of matrix proteins (VP40 and possibly VP24) is situated beneath the 

membrane and wraps around the viral core, which is comprised of helically arranged 

nucleoproteins (NP) that bind around the viral genomic RNA. Further structural proteins 

(transcriptional cofactor VP30, polymerase cofactor VP35, RNA-dependent RNA 

polymerase L) are associated in low numbers with the genomic RNA (Figure 5-5) (153). 

 

 

Figure 5-5. Schematic of a filovirus particle  
(Adapted from (157), reproduction with permission) 

 

http://phil.cdc.gov/phil/home.asp�
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5.1.8.2 Filoviral genomes  

Filoviral genomes are single-stranded nonsegmented RNAs of negative polarity that have 

an average molecular mass of 4.0-4.2 x 103 kD. They are uncapped and not polyadenylated 

(72, 80, 152, 221). The genomes are ~19 kb in length and contain seven genes that are 

arranged linearly and that may be separated by intergenic regions (234) (Figure 5-6). Each 

filoviral gene is flanked by highly conserved transcription initiation and termination sites, 

but these sites differ among different filoviruses. Filoviral mRNAs are monocistronic, 

capped, and polyadenylated (233, 297).  

 

 

Figure 5-6. Schematic organization of filoviral genomes 
Top, Reston ebolavirus; middle, Sudan and Zaire ebolaviruses; bottom, Lake Victoria 
marburgvirus. The complete genomic sequences of Côte d’Ivoire ebolavirus and ‘Uganda 
ebolavirus’ have yet to be determined. l, leader sequence; NP, nucleoprotein gene; VP, viral 
protein gene; GP, glycoprotein gene; L, RNA-dependent RNA polymerase gene; t, trailer 
sequence; IR, intergenic region; OR, gene overlapping region. Transcribed open reading 
frames are depicted as rectangles within a given gene. The GP gene editing site (present 
only in ebolaviruses) is depicted as a vertical red line spanning all three GP open reading 
frames (adapted from (157), reproduction with permission) 
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5.1.8.3 NP gene 

The first (3’) gene of filoviral genomes, NP, encodes the nucleoprotein NP (MARV: 696 

amino-acid residues, 94-96 kD; ZEBOV: 739 amino-acid residues, 104 kD) (235, 236). In 

cells, filoviral NP is found in phosphorylated or nonphosphorylated states, but only 

phosphorylated NP becomes incorporated into virions (23, 72, 169) and binds to other NPs 

(23, 24). Similar to other mononegaviral nucleoproteins, filoviral NP mediates the 

formation of plus-sense (antigenome) ribonucleoprotein (RNP) complexes in the cytosol 

that serve as the template for filoviral genome synthesis (23). Within virions, polymerized 

NP encapsidates the filoviral genomic RNA and associates with VP35, VP30, and L (24).  

 

5.1.8.4 VP35 gene 

The filoviral VP35 gene is located immediately downstream of the NP gene. It encodes the 

VP35 protein (MARV: 329 amino-acid residues; 36 kD; ZEBOV: 321 amino-acid residues, 

35 kD) (41, 84), for which no other mononegaviral analogs have yet been identified. VP35 

can homooligomerize and binds to NP (190), L, and cellular and viral RNA (82, 88). VP35 

is the cofactor of the filoviral RNA-dependent RNA polymerase L (195). In developing 

filoviral RNP complexes, VP35 confers specificity for filoviral genomic RNA (146). 

Furthermore, VP35 acts as an RNA-silencing suppressor, thereby counteracting the RNAi-

based innate antiviral response of cells (114). VP35 and VP35-NP complexes also inhibit 

both dsRNA-mediated and virus-mediated induction of interferon-responsive promoters 

and consequently the cellular interferon innate immune response to virus infection (18, 45, 

88, 119).  

 

5.1.8.5 VP40 gene 

The filoviral VP40 gene is located downstream of the VP35 gene and is the most conserved 

of all filovirus genes. It encodes the matrix protein VP40 (MARV: 303 amino-acid 

residues, 34 kD; ZEBOV: 326 amino-acid residues, 35 kD) (41, 73). VP40 is a functional 

analog of the M proteins of other mononegaviruses, although there is no significant 
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sequence similarity among them (41, 73, 161). VP40 associates with cellular membranes 

through hydrophobic interactions (156). It occurs in monomeric and dimeric forms, but also 

aggregates as ring-like hexameric and octameric complexes with trimeric symmetry (241, 

265). Octamers consist of four VP40 dimers, and are disc-shaped, pore-like structures that 

bind eight copies of single-stranded RNA (110). Hexamers are trimers of VP40 dimers, 

also resembling a pore (228, 241), but as is the case for octamers their function is unknown. 

VP40 contains short amino-acid sequences, L domains, that seem to play an important role 

in filovirus budding. Ebolaviral VP40 has three such domains, P(T/S)AP, PPXY, and 

YXXL, whereas MARV VP40 contains only a PPXY motif (7, 120, 140). Several 

components of the cellular protein sorting machinery bind to these L domains. For instance, 

the E3 ubiquitin ligase Nedd4 binds to the PPXY motif of oligomeric VP40 and probably 

induces multi-ubiqutinylation (266, 316). The P(T/S)AP motif of ZEBOV VP40 is a 

binding partner of Tsg101 (168, 174, 175, 207, 274), a component of the endosome-

associated complex required for transport I (ESCRT-I). ESCRT-I, ESCRT-II, and ESCRT-

III together direct multiubiquitinylated proteins to late endosomes, thus creating 

multivesicular bodies that later fuse with lysosomes or the plasma membrane. This suggests 

that the ESCRT machinery is hijacked by maturing ebolavirus particles to facilitate virus 

release. Tsg101 is also involved in MARV budding, although MARV VP40 does not 

contain a P(T/S)AP motif (274). 

 

5.1.8.6 GP gene  

The filoviral GP gene and its expression product(s) are described in detail in Chapter 5.2. 

 

5.1.8.7 VP30 gene 

The filoviral VP30 gene, located downstream of the GP gene, is another unique component 

of filoviral genomes. It encodes a protein, VP30 (MARV: 291 amino-acid residues, 33 kD, 

ZEBOV: 288 amino-acid residues, 32 kD), which shares characteristics only with one other 

known protein, the M2-1 protein of pneumoviruses (39). VP30’s phosphorylation status 
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determines its interaction with polymerized NP (169, 188, 189), while its 

homooligomerization status (monomers vs. dimers vs. hexamers) determines whether the 

protein is located within the cytosol or is directed into filovirions. Homooligomerization is 

also required for VP30’s main function as a transcriptional activator (118). The N-terminus 

of VP30 binds directly to single-stranded RNA, and prefers filoviral RNA over unspecific 

RNA (143). VP30 is also a zinc-binding protein. In the absence of zinc, filovirus-genome 

transcription is abolished (187).  

 

5.1.8.8 VP24 gene 

The VP24 gene is the utmost last gene in the filoviral genomes. Its expression product is 

VP24 (MARV: 253 amino-acid residues, 29 kD; ZEBOV: 251 amino-acid residues, 29 

kD), which has no resemblance to any other protein known (39). Detergent-salt dissociation 

studies with filovirions and molecular characterization of the protein suggested that VP24 is 

a matrix protein and that VP24 and VP40 co-localize at the plasma membrane and in 

released filovirions (11, 72, 115). The function of VP24 remains mysterious, although it is 

clear that specific mutations within VP24, in conjunction with mutations in NP, are 

necessary for the adaptation of filoviruses to rodents (33, 54, 67, 280). Recent experiments 

also indicate that VP24 counteracts the interferon-response of virus-infected cells (222). 

 

5.1.8.9 L gene 

The last (5’) gene of the filoviral genome is the L gene, which encodes the catalytic part (L 

protein; MARV: 2,331 amino-acid residues, 267 kD; ZEBOV: 2,212 amino-acid residues, 

253 kD) of the viral RNA-dependent RNA polymerase holoenzyme, which also contains 

VP35 (27, 195, 283). Filoviral L proteins have a high leucine- and isoleucine-residue 

content, are strongly positively charged at neutral pH, and contain numerous conserved 

cysteine residues (269, 283). As other mononegaviral L proteins, filoviral L proteins 

contain three characteristic sequence motifs (A: RNA-binding element, B: RNA template-

recognition element, C: nucleotide triphosphate-binding element) (194, 269). However, in 
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contrast to other mononegaviral L proteins, filoviral L proteins seem to be extraordinarily 

accurate RNA polymerases. For instance, the genomes of MARV isolates obtained in 

Angola (MARV-Ang) in 2004 are only 7% different from the genome of a MARV isolate 

obtained in Germany in 1967 (MARV-Mus) (269).  

  

5.1.8.10 Filovirus life cycle 

The filovirus life cycle resembles those of other mononegaviruses. After penetration of a 

host organism, filoviruses bind to a specific, yet unidentified, receptor on a target cell. The 

entry pathway and requirements are discussed in more detail in Chapter 5.3. The filoviral 

nucleocapsid is released into the cytosol subsequent to fusion of the viral and cellular 

membrane, and complete uncoating of the filoviral genome takes place. The polymerase 

holoenzyme L/VP35, brought into the cell with the nucleocapsid, then transcribes the 

filoviral genes in a sequential manner, synthesizes the filoviral antigenome, and uses the 

antigenome as a template to synthesize progeny genomes. The filoviral mRNAs are 

translated into the filoviral structural proteins. NP, VP30, VP35, and L assemble with the 

newly synthesized genomes to from RNPs complexes. These then recruit the matrix 

proteins VP40 and VP24 and bud from the cell’s plasma membrane or are released from 

subcellular compartments, incorporating the spike protein GP1,2. The entire filovirus life 

cycle occurs in the cytoplasm of the host cell (Figure 5-7). 
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Figure 5-7. Filovirus life cycle 
Filovirus particles fuse with the host cell membrane after binding to an unknown receptor 
with their spike proteins (GP1,2, purple). Subsequently, their ribonucleocapsids are released 
into the cytosol (1). Uncoating releases the genome, from which the filoviral genes are 
transcribed into mRNAs (2) by the polymerase holoenzyme (L-VP35, green and blue) and 
by the transcription factor VP30 (red) in the presence of nucleoprotein NP (yellow). This 
step is followed by the translation of the mRNAs (3). NP controls the switch between 
mRNA transcription (2) and genomic replication (5, 6). GP1,2 is translocated into the 
endoplasmic reticulum (ER) and redirected by the matrix protein VP40 (orange) into 
multivesicular bodies (MVBs) (4). The genome is the template for antigenome synthesis 
(5). The antigenome is the template for progeny-genome synthesis (6). NP binds to progeny 
genomes and recruits VP35, VP30, and L (6). VP24 may control trafficking of the 
ribonucleoprotein (RNP) complexes to the MVBs (7), which then results in budding of 
progeny filoviral particles from the cell (8) (adapted from (157), reproduction with 
permission) 
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5.2 Filoviral glycoproteins 

5.2.1 Ebolaviral secreted glycoprotein 

Marburgviral and ebolaviral genomes encode one and three glycoproteins from their GP 

genes, respectively (281). Conservative transcription of the CIEBOV, REBOV, SEBOV, 

‘UEBOV,’ and ZEBOV, but not the MARV, GP genes by the RNA-dependent RNA 

polymerases (L proteins) yields mRNAs for nonstructural glycoproteins, termed secreted 

glycoproteins (sGPs). ZEBOV sGP consists of 364 amino-acid residues. During its 

biosynthesis (Figure 5-8) it is translocated into the ER, where it becomes glycosylated and 

converted to a Golgi-apparatus precursor (pre-sGP, 60 kD). Pre-sGP is cleaved by furin, 

yielding the mature sGP monomer and a secreted small peptide, Δ-peptide (10-14 kD) 

(287).  

The sGP monomer then dimerizes via the formation of two intermolecular disulfide 

bonds (involving cysteine residues 53 and 306) (16), resulting in a parallel homodimer that 

is secreted from the host cell (237, 279). It can be found in large amounts in the serum of 

acutely infected patients (237). A ZEBOV sGP monomer contains two intramolecular 

disulfide bonds (C108-C135 and C121-C147) that resemble the location and connection of 

cysteine residues in fibronectin type-II (F2) modules (287). ZEBOV sGP does not contain 

O-glycans, but five of the six predicted N-glycosylation sites contain complex N-glycans 

(N40, N204, N228, N257, N268). The sixth site (N238) is only infrequently glycosylated (76). 

Tryptophan residue 288 is C-mannosylated (Figure 5-8) (75). 

 The function of sGP is unknown. Both marburgviruses and ebolaviruses cause 

similar diseases in humans and nonhuman primates, yet marburgviruses do no express an 

sGP-like protein. ZEBOV sGP does not bind to primary human macrophages, the primary 

target cells of filoviruses, and activation of these cells does not occur upon exposure to this 

protein (142, 289). Since sGP shares its N-terminal 295 amino-acid residues with the actual 

filovirus spike protein, GP1,2 (237, 279), it was suggested that it might serve as an antibody 

decoy in the bloodstream, binding ebolavirus-neutralizing antibodies (136). However, 

guinea pig-adapted ZEBOV mutants that express only small amounts of sGP proved to be 
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as or even more virulent than unaltered guinea pig-adapted viruses (3, 134, 280). ZEBOV-

like particles, which are replication-incompetent particles that assemble after coexpression 

of VP40 and GP1,2, activated human endothelial cells and induced a decrease in barrier 

function. sGP induced a recovery of the barrier function. Therefore, it was suggested that 

sGP might play an anti-inflammatory role (288). 

 

 

Figure 5-8. Expression pathway of ebolaviral secreted glycoprotein 
Zaire ebolaviral GP gene’s primary open reading frame (middle purple/green line) encodes 
a nonstructural protein, secreted glycoprotein (sGP), which is secreted from producer cells 
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as a parallel homodimer and shares its N-terminal 295 amino-acid residues with GP1 and 
secondary secreted glycoprotein(ssGP) (purple), but contains a unique C-terminus (green). 
Proteolytic cleavage of the C-terminus of each monomer (pre-sGP) by furin yields a small, 
nonstructural, and secreted protein, Δ-peptide. Experimentally-proven N-glycan (blue and 
red Ys) and C-mannosylation sites (green Y) are indicated. One site (red Y) is only 
sometimes glycosylated (adapted from (157) with permission) 

 

The function of ebolaviral Δ-peptides, which are O- but not N-glycosylated and 

sialylated, remains enigmatic (287). ZEBOV Δ-peptide does not bind or activate primary 

human macrophages (288), and contrary to sGP it does not reverse the decreased barrier 

function of endothelial cells exposed to ZEBOV-like particles (288).  

 

5.2.2 Filoviral spike protein 

Ebolaviral GP genes contain only one open reading frame with a start codon in Kozak-like 

context, which is the one encoding the secreted glycoprotein (sGP) described above. The 

large spike proteins that protrude from the surfaces of ebolavirions are transcribed by 

cotranscriptional editing (237, 279). The ebolaviral GP genes contain a stretch of seven 

consecutive uridine residues. The ebolaviral polymerase transcribes the sGP mRNA 

containing the complementary seven consecutive adenosine residues, but with a frequency 

of 20% stutters and adds or subtracts one or several non-template adenosine residues to the 

elongating transcript (237, 279). Addition of one non-template adenosine residue leads to a 

frame shift and to the fusion of the sGP open reading frame encoding its N-terminal 295 

amino-acid residues to a -1 open reading frame located immediately downstream of the 

editing site. This fusion transcript encodes the 676 amino-acid long ebolaviral spike-protein 

precursor (180, 237, 279). Marburgviral GP genes do not contain editing sites and the 681 

amino-acid long spike-protein precursors are transcribed directly (87). 

The biosynthesis of filoviral spike-proteins, which are type I transmembrane 

proteins, follows a complex processing pathway (Figure 5-9). First, a signal peptide targets 

the elongating protein into the ER. The protein then becomes glycosylated with 

oligomannosidic N-glycans (preGPER or GP0). After trafficking to the Golgi apparatus, N-



  50

glycan modifications are completed, O-glycans are added, and phosphorylation occurs. 

Ebolaviral, but not marburgviral, spike proteins become sialylated (preGP, ~140-160 kD) 

(239, 282, 285). The glycans comprise roughly one third of the molecular mass of the 

mature filoviral spike proteins (85, 87).  

 

 

Figure 5-9. Expression pathway of filoviral spike proteins 

Cotranscriptional editing (red vertical line in the ebolaviral GP gene) results in the spike 
protein (GP1,2), which shares the 295 N-terminal amino-acid residues of secreted 
glycoprotein (sGP) and secreted glycoprotein (ssGP), but has a C-terminus consisting of 
381 unique amino-acid residues. GP1,2 is translated as a precursor protein (preGP). Furin 
cleavage (arrow) separates the two subunits GP1 and GP2, which remain associated as a 
heterodimer that then trimerizes. The marburgviral GP gene has only one primary open 
reading frame, which encodes the structural spike protein (GP1,2). Its expression pathway is 
similar to that of ebolaviral GP1,2 (adapted from (157) with permission) 
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Most of GP1,2’s glycans are located in the variable central region of the spike protein 

(mucin-like domain, MLD) (238). These glycans are speculated to influence the 

antigenicity of the spike protein by masking polypeptide epitopes (“glycan shield”). The N- 

and C-terminal thirds of the proteins are highly conserved within a filoviral species (85), 

but there seems to be no antigenic cross-reactivity between marburgviral and ebolaviral 

spike proteins (234). The MLD is under discussion as a potential filovirus virulence factor 

as it exerted cytotoxic effects in tissue culture that led to cell rounding and detachment (50, 

263, 315). However, these results are controversial because the MLD-containing proteins in 

the used systems were overexpressed (284). This could explain why cells, which were 

infected with a Kunjin-virus replicon continuously expressing ZEBOV GP1,2 to levels 

comparable to those seen in filovirus infections, remained healthy (4).  

Filoviral preGP is proteolytically cleaved by furin and related proprotein 

convertases into an N-terminal subunit called GP1 (ZEBOV: 130-140 kD, MARV: 160-170 

kD) and a C-terminal subunit called GP2 (ZEBOV: 24-26 kD, MARV: 38-45 kD), which 

remain attached to each other through a disulfide bond (GP1,2, ZEBOV: 150 kD, MARV 

170-200 kD) (282, 285). GP1,2 heterodimers associate as trimers that are incorporated into 

budding filovirions as the mature spike proteins (Figure 5-10). 
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Figure 5-10. Schematic of filoviral spike proteins 
preGP, the predecessor of the filoviral spike protein (GP1,2), consists of two subunits, GP1 
and GP2, which become separated during maturation by proteolytical cleavage (arrows). 
GP1 and GP2 remain attached through a disulfide bond. Trimerization of this dimer results 
in the mature spike protein. Ebolaviral GP1 shares its N-terminal 295 amino-acid residues 
with ebolaviral sGP and ssGP (grey and purple boxes), but contains a unique C-terminus 
(blue box + GP2). SP: signal peptide; MLD: mucin-like domain; TM: transmembrane 
domain. N-glycans (blue Ys) and C-terminal acylations are indicated (adapted from (157) 
with permission) 

 

GP1 is the surface-unit (SU) analog of retroviral envelope proteins (94), and 

therefore mediates filovirus cell entry. This notion is supported by the inhibition of filovirus 

cell-entry by anti-GP1 antibodies (177, 303). However, the filovirus receptor remains 

unidentified and the receptor-binding region of GP1 has not been determined, therefore 

leaving the function of this spike-protein subunit rather uncharacterized. 

GP2 is the transmembrane-unit (TM) analog of retroviral envelope proteins (94), and 

is responsible for mediating the fusion between viral and cellular membranes during cell 

penetration. It contains a fusion peptide, an immunosuppressive motif, α-helical heptad-
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repeat regions, a conserved amino-acid loop defined by a disulfide bridge between two 

cysteine residues, a transmembrane domain, and a highly conserved CX6CC motif (40, 94, 

141, 238). 

 

5.2.3 Ebolaviral secondary secreted glycoprotein 

A third protein is transcribed from the ebolaviral GP gene by co-transcriptional 

mRNA editing. The addition of two non-template adenosine residues to or the subtraction 

of one adenosine residue from the transcript causes both a frame shift and the termination 

of translation immediately downstream of the editing site (279). In the case of ZEBOV, the 

derived secreted and possibly monomeric protein, secondary secreted glycoprotein (ssGP) 

consists of 297 amino acids, of which the N-terminal 295 amino-acid residues are identical 

to those in sGP and GP1 (Figure 5-11) (286). The natural function of ssGP is unknown. 

 

 

Figure 5-11. Expression pathway of ebolaviral secondary secreted glycoprotein 

Zaire ebolavirus secondary secreted glycoprotein (ssGP) shares its N-terminal 295 amino-
acids residues with secreted glycoprotein (sGP) and GP1 (purple box), but contains a unique 
C-terminus consisting of only two amino-acid residues (yellow). Predicted N-glycans (blue 
Ys) are indicated (adapted from (157) with permission) 
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5.3 Filovirus cell entry 

Filoviruses enter their host cells by binding to yet unidentified cell-surface receptors with 

their spike proteins. These receptors are present on most adherent, but generally not on 

suspension, cell-lines (51, 65). African green monkey kidney cells, such as CV-1 and Vero 

derivatives, are commonly used to grow filoviruses to high titers (71, 276). Experiments 

with retroviral or vesiculoviral pseudotypes carrying filoviral spike proteins demonstrated 

that the spike proteins alone mediate filovirus entry, and that the filovirus receptors are 

additionally present, for example, on human embryonic kidney (HEK) 293T cells, human 

and nonhuman primate macrophages, human cervical adenocarcinoma epithelial-like 

(HeLa) cells, baby hamster kidney (BHK) cells, and Chinese hamster ovary (CHO) cells. 

Many different cell lines from bats, bovids, canids, chickens, hamsters, humans, 

marsupials, murids, porcids, quails, simians, and turkeys can be transduced successfully 

(51, 262, 318). Pseudotypes, which carry filoviral spike proteins lacking the GP1 mucin-like 

domain (MLD), transduce cells at least as efficiently as those carrying wild-type proteins 

(141, 173, 183, 315), indicating that the MLD does not play an important role in filovirus 

cell entry. Filoviruses do not replicate in primary human peripheral lymphocytes or 

suspension T (C8166, SupT1, MT-2, HUT-78, Jurkat E6-1, CEM) or B (AA-2) cells (51, 

210, 250, 267), suggesting that these cells may not express the filovirus cell-surface 

receptors. In fact, recent data point towards the possibility that suspension cells in general 

are not permissive to filoviruses (65). These data are in accordance with the pathological 

finding that lymphocytes of humans and animals do not become infected (231). Of course, 

it is also possible that replication is inhibited in these cells during a step downstream of cell 

entry. Thus far, all cells identified as permissive to a particular filovirus are also permissive 

to all other filoviruses. However, the entry efficiency of different filoviruses into the same 

permissive cell varies (51). Consequently, it is discussed whether all filoviruses use a 

common receptor, different subtypes thereof, or different receptors altogether. 
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Filovirus-cell adsorption is slow (several hours vs. minutes) in comparison to other 

viruses (318), but treatment of filovirus-permissive cells with proteases abrogates 

pseudotype cell transduction, thereby confirming the hypothesis that the filovirus receptors 

are proteins (51, 262). Treatment of permissive cells with endoglycosidase H, which 

cleaves high-mannose-type N-glycosides from the cell-surface, or with tunicamycin, which 

inhibits N-glycosylation of cell-surface glycoproteins, abolished transduction by 

pseudotypes carrying ZEBOV, but not MARV, spike proteins (51, 262), suggesting that the 

receptors may be glycosylated and that ZEBOV and MARV may bind to the same protein 

but at different sites or to different proteins. 

 Several filovirus receptor candidates have been brought up for discussion. Among 

them are integrins, which are conserved among many species, highly glycosylated, and 

expressed at the cell-surface. Anti-β1-integrin immunoglobulins and the soluble α5β1-

integrin complex inhibited cell transduction with vesiculoviral particles pseudotyped with 

ZEBOV or REBOV spike proteins (263). Unfortunately, spike proteins could not be shown 

to bind to β1-integrin directly, and filovirus-resistant cells lacking β1-integrin could not be 

rendered susceptible after transfection of β1-integrin-expressing plasmids (49). Other 

receptor candidates are C-type lectins, which bind to highly mannosylated glycoproteins. 

Several lectins are being discussed as potential filovirus receptors, among them dendritic 

cell-specific ICAM-3-grabbing non-integrin (DC-SIGN; CD209) and its homolog DC-

SIGN-Related (lymph-node-specific ICAM-3-grabbing non-integrin, L-SIGN) (6, 247), the 

murine DC-SIGN-homolog SIGNR1 (178), LSECtin (liver and lymph node sinusoidal 

endothelial cell C-type lectin) (112), the human macrophage galactose- and N-

acetylgalactosamine-specific C-type lectin (hMGL) (261), and asialoglycoprotein receptor 

(25). The presence of all of these molecules increases transduction rates of retroviral or 

vesiculoviral particles pseudotyped with filoviral spike proteins. However, these proteins 1) 

are not present on all cell types known to be permissive to filoviruses; 2) are present on 

some cell types resistant to filovirus infection; 3) cannot render resistant cells permissive; 

and 4) when knocked out or knocked down do not necessarily decrease filovirus infection 

levels. Another widely publicized filovirus receptor candidate is human folate receptor α. 
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This protein was identified after filovirus-resistant human acute T-cell leukemia Jurkat T 

lymphocytes, which had been transduced with a retroviral cDNA library derived from 

filovirus-permissive HeLa cells, had become permissive to infectious MARV. Antibodies 

to human folate receptor α or to folic acid inhibited cell entry of pseudotypes (48). 

However, the hypothesis of human folate receptor α being a significant filovirus receptor 

could not be upheld after follow-up experiments (7, 248, 249).  

Expression of tyro3-receptor tyrosine-kinases, such as Axl, Dtk, and Mer, in 

filovirus-resistant Jurkat T lymphocytes enhanced transduction of retroviral or vesiculoviral 

particles pseudotyped with filoviral spike proteins, and this increase was reversed in the 

presence of polyclonal antibodies against these kinases or in presence of their soluble 

ectodomains (243). Confusingly, there was no increase in the susceptibility of kinase-

expressing Jurkat T lymphocytes to infectious filoviruses, the kinases were not detected in 

all known filovirus-permissive cells, anti-Axl antibody did not inhibit filovirus infection in 

Axl-expressing African green monkey kidney epithelial (Vero E6) cells, and Axl binding to 

filoviral spike proteins could not be demonstrated (242, 243).  

Together, the described data suggest that all currently identified entry factors are at 

best virus-attachment factors or entry modulators rather than true virus receptors (see also 

Chapter 8 for a thorough discussion of the difference between attachment factors and 

receptors).  

 Filoviruses probably enter cells by receptor-mediated and microfilament- and 

microtubule-dependent endocytosis (12, 51, 103, 232, 262, 305, 318). The entry process is 

low-pH-dependent, as lysosomotropic agents, such as ammonium chloride or chloroquine, 

inhibited transduction of filovirus-permissive cells by pseudotypes carrying REBOV, 

ZEBOV or MARV spike proteins (12, 51, 262, 305). Furthermore, filovirus cell entry is 

dependent on the cysteine proteases cathepsin B and cathepsin L. Both cell transduction 

with vesiculoviral particles pseudotyped with ZEBOV spike protein, as well as infection 

with infectious ZEBOV, was almost abolished in the presence of cathepsin B/L inhibitors. 

Cell entry was also almost abolished in CatB-/- CatL+/+ mouse-embryo fibroblasts, and 

abolished in CatB-/- CatL-/- cells (52, 130, 240). Together, cathepsin B and L cleave 
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ZEBOV GP1 on pseudotyped vesiculoviral particles to a 17-19 kD fragment that remains 

attached to GP2. Interestingly, these pseudotypes transduced target cells more efficiently 

than undigested control pseudotypes (52, 148, 232, 240), suggesting that large parts of GP1 

are dispensable for the mediation of cell entry. 

 Filoviral GP1,2 is a typical class I fusion-protein (298, 301) (see also Chapter 8). Its 

N-terminal domain (GP1) is responsible for receptor binding, upon which the C-terminal 

domain, which contains an N-terminal fusion peptide, heptad repeats, and a transmembrane 

anchor, mediates membrane fusion. As other known class I fusion proteins, filoviral spike 

proproteins are proteolytically processed to these subunit domains by furin or a related 

protease (282, 287). However, in contrast to other class I fusion proteins, this processing is 

not necessary to mediate the transition from the fusion-incompetent to the fusion-competent 

state (136, 200, 306). Once GP1 has bound the receptor, a complex refolding of GP1,2 

occurs that is mainly driven by GP2’s heptad repeats, leading to the insertion of GP2’s 

fusion peptide into the host cell membrane and a subsequent pull motion that forces the 

host cell and viral membrane into close apposition and thereby to fusion (171, 299-301). 

 

5.4 Filovirus-vaccine development 

Filovirus vaccines could 1) prevent epizootics, and thereby limit spill-over into human 

populations; 2) control epidemics among humans in filovirus-endemic areas; 3) protect first 

responders and primary caregivers in outbreak areas; 4) protect military personnel, either 

deployed in endemic areas or in theater; 5) be distributed in populated areas prior to or 

directly following a biological attack; and 6) protect laboratory researchers working with 

filoviruses. However, there are currently no licensed vaccines for the prevention of filovirus 

infections. The immune response to filoviruses in humans and animals is only 

rudimentarily understood. Filovirus-vaccine development has been trial-and-error research, 

in part because it remains unclear whether antibody responses, cytotoxic T-lymphocyte 

(CTL) responses, or both are necessary to protect from filovirus infections (20, 104, 117). 
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The attenuation of filoviruses by repeated passaging in tissue culture and animals 

has not been attempted systematically thus far. However, several guinea pig-adapted and 

mouse-adapted filoviruses retained their virulence for nonhuman primates (34). This 

observation, and the possibility of reversion of an adapted virus to a wild-type virus, made 

attenuation a vaccine-development approach that is not considered useful.  

The first filovirus candidate vaccines were based on formalin-, heat- or γ-

irradiation-inactivated virus preparations, which were reported to partially protect guinea 

pigs, baboons, and rhesus macaques from infection with homologous virus (53, 170, 184). 

Today, inactivated vaccine platforms are not a research priority anymore because vaccine 

production would require maximum-containment facilities and because incomplete 

inactivation of vaccine batches would always be a safety concern independent of the 

efficacy of the candidate vaccine.  

Replication-incompetent filovirus-like particles (fVLPs) can be synthesized in and 

purified from tissue culture via expression of recombinant filoviral VP40 alone or by co-

expression with filoviral GP1,2 (140, 203, 260). Since such fVLPs resemble wild-type 

filoviruses in morphology and surface antigenicity, and because there would not be 

interference with a vector backbone, they are currently pursued as candidate vaccines (127, 

293). In vivo, intraperitoneal immunization of Hartley guinea pigs, BALB/c mice, and 

C57BL/6 mice with ZEBOV fFVLPs conferred 100% protection from otherwise lethal 

challenge with ZEBOV (291, 292). ZEBOV fVLPs also protected cynomolgus macaques 

from infection with ZEBOV (295). However, guinea pigs vaccinated with ZEBOV fVLPs 

were not protected from MARV infection, whereas guinea pigs vaccinated with MARV 

fVLPs were immune to MARV challenge, but succumbed to ZEBOV infection (294).  

So far, there has been limited success with subunit-vaccine candidates based on 

purified filoviral protein preparations. Immunization of guinea pigs with MARV NP 

protected some animals from otherwise lethal MARV infection (2), whereas 100% 

protection was provided by immunization with a soluble truncation variant of MARV 

isolate Musoke (MARV-Mus) GP1,2 (amino-acid residues 17-644). However, these animals 

were only partially protected when viral challenge was performed with the heterologous 
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MARV isolate Ravn (MARV-Ravn), and they were not protected from infection with 

ebolaviruses (123).  

Single-cycle, propagation-defective Venezuelan equine encephalitis virus (VEEV) 

replicons expressing MARV-Mus GP1,2 conferred complete protection to cynomolgus 

macaques challenged with homologous virus (124), but these macaques died after challenge 

with MARV-Ravn or ebolaviruses. Similarly, immunization with VEEV replicons 

expressing ZEBOV isolate Mayinga (ZEBOV-May) GP1,2 did not protect cynomolgus 

macaques from infection with ZEBOV isolate Kikwit (ZEBOV-Kik) (105).  

A single intramuscular immunization with a recombinant replication-competent 

vesicular stomatitis Indiana virus (VSIV) expressing either ZEBOV-May or MARV-Mus 

GP1,2 completely protected cynomolgus macaques from infection after challenge with 

ZEBOV-Kik or MARV-Mus, respectively. Again, animals that were immunized against 

ZEBOV antigen were unprotected from infection with MARV and vice versa. Worse, only 

one of the animals that had survived ZEBOV challenge survived challenge with the closely 

related SEBOV, whereas all animals that had survived MARV-Mus challenge were 

protected from infection with the Popp (MARV-Pop), Ravn, and Angola (MARV-Ang) 

isolates (59, 147). The VSIV candidate vaccines hold promise as post-exposure 

prophylactics, because VSIV expressing MARV-Mus GP1,2 prevented the death of rhesus 

macaques that had been infected with homologous virus even when the immunization was 

performed as late as 20-30 min. after challenge (60). Similar results have been obtained 

with SEBOV (100) and ZEBOV (81).  

Another promising candidate vaccine is based on replication-incompetent human 

adenovirus 5 vectors. Immunization of cynomolgus macaques with two such vectors, one 

expressing ZEBOV NP, and the other expressing ZEBOV GP1,2, with or without previous 

immunization with DNA vaccines encoding the same proteins, fully protected the animals 

from disease and death caused by homologous, but again not by heterologous, virus (256, 

257).  

 Last, a respirovirus-based candidate vaccine has been described recently. Rhesus 

macaques immunized by aerosol with recombinant replication-competent human 
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parainfluenzavirus 3 expressing ZEBOV GP1,2 were fully protected against challenge with 

ZEBOV (38).  

It remains unclear which candidate vaccine should be pursued further. For instance, 

adenoviral vaccines are complicated by background immunity to adenoviruses in humans 

and animals, and VSIV vaccines are based on replication-competent viruses that may pose 

health risks for immunocompromised individuals. In any case, it has become clear that 

there is so far no monovalent candidate vaccine in sight that has the potential to protect 

against marburgviruses and ebolavirus simultaneously. Additionally, none of the currently 

available candidate vaccines could be easily transported, stored, and distributed among 

people or animals in filovirus-endemic areas. 

 

5.5 Objective of this dissertation 

The objective of this dissertation is to further the understanding of filovirus cell entry, and 

to develop tools and methods that could be used to identify the yet unidentified filovirus 

cell-surface receptors. In particular, the experiments described in this dissertation aim to 

answer the following questions: first, it is to be determined whether filoviral spike proteins 

contain discrete receptor-binding domains or regions, and if so, whether such regions exert 

higher affinity to the unknown filovirus receptors than the full-length spike-protein 

ectodomains. The answer to this question will inform us on receptor-binding requirements 

and therefore may allow further speculation on the identity of the receptors. Furthermore, 

such receptor-binding regions may turn out to be ideal bait proteins for the receptors in 

coimmunoprecipitation experiments. Second, to clear up the confusion in the literature, it is 

to be determined whether marburgviruses and ebolaviruses use a common receptor. If so, 

receptor-identification strategies may be developed that focus on only one particular 

filovirus bait protein, namely the one with the highest affinity to the receptor and the best 

expression properties to ensure easy production, and one particular filovirus, namely the 

one most easily grown and detected in tissue culture. Third, the role of the ebolaviral 

secreted glycoproteins (sGP, ssGP, and Δ-peptide) in filovirus entry, if any, is to be 
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evaluated. Finally, in the case that receptor-binding regions are identified, experiments are 

to be performed that answer the question whether such protein fragments could serve as the 

basis for a subunit filovirus candidate vaccine. 

 



6 MATERIALS AND METHODS 

6.1 Cells and culture conditions 

African green monkey (Chlorocebus aethiops) kidney epithelial (Vero E6) cells, human 

cervical adenocarcinoma epithelial-like (HeLa) cells, and human acute T-cell leukemia 

Jurkat E6-1 T lymphocytes were obtained from the American Type Culture Collection in 

Manassas, VA, USA (ATCC numbers CRL-1586, CCL-2, and TIB-152, respectively). 

Human embryonic kidney (HEK) 293T cells, a derivative of HEK 293 cells (ATCC number 

CRL1573) and originally known as 293/tsA1609neo (66), were obtained from Joseph 

Sodroski, Dana Farber Cancer Institute, Harvard Medical School, Boston, MA, USA. 

Human MT-4 and SupT1 T lymphocytes were provided by Hyeryun Choe at Children’s 

Hospital, Harvard Medical School, Boston, MA, USA. Human C8166-45LTR-SEAP T 

lymphocytes were obtained from Ronald C. Desrosiers’ laboratory at the New England 

Primate Research Center, Harvard Medical School, Southborough, MA, USA.  

Adherent (Vero E6, HeLa, and HEK 293T) cells were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM, GIBCO-Invitrogen, Grand Island, NY, USA), and 

suspension (Jurkat E6-1, MT-4, SupT1, C8166-45LTR-SEAP cells) T lymphocytes in 

RPMI Medium 1640 (GIBCO-Invitrogen). All media were supplemented with 10% heat-

inactivated (ha, 56 °C, 1h) fetal-bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 

100 IU/ml penicillin and 100 µg/ml streptomycin (PS, Cellgro, Herndon, VA, USA), and 

cell cultures were maintained in vented tissue-culture flasks (Nunc, Rochester, New York, 

USA) at 37 °C in a humidified 5% CO2 atmosphere. All adherent cells were passaged by 

trypsinization after reaching 90% confluency as judged by eye using microscopy. Briefly, 

cells were washed in warm (37 °C) Dulbeccos’s phosphate-buffered saline (DPBS, 

GIBCO-Invitrogen) and then detached with an appropriate volume (1 ml for a 75 cm2, 2 ml 

for a 175 cm2 flask) of Cellgro’s 0.25% trypsin/2.21 mM ethylene diamine tetraacetic acid 

(EDTA) in Hank’s buffered salt solution (HBSS). Detached sells were washed in DPBS, 

counted under the microscope using a manual cytometer, and divided into new flasks as 
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needed. Suspension cells were maintained by serial dilution. For long-term storage, cells 

were suspended in DMEM/haFBS/PS supplemented with 5% (vol./vol.) dimethylsulfoxide 

(DMSO, ATCC) into cryotubes, and frozen and stored in liquid nitrogen provided by the 

New England Primate Research Center, Southborough, MA, USA. 

 

6.2 Construction of filovirus glycoprotein-encoding genes and variants 

6.2.1 General Procedures 

HPLC-purified (25-60 mers) or PAGE-purified (>60 mers) DNA oligomers were ordered 

from Integrated DNA Technologies (IDT, Coralville, IA, USA). Oligomers were 

reconstituted in TE buffer (QIAGEN, Valencia, CA, USA) to a final concentration of 10 

pmol/µl, aliquoted, and stored until use at -20 °C. Polymerase-chain reactions (PCRs) were 

performed using cloned pfuTurbo and its corresponding 10x cloned pfuTurbo buffer 

(Stratagene, LaJolla, CA, USA), both of which were aliquoted and stored until use at -20 

°C. dNTP stocks were ordered from GIBCO-Invitrogen, diluted in a master mix to a final 

concentration of 2.5 mM of each dNTP (10x dNTP master mix), aliquoted, and stored until 

use at -20 °C.  

All DNA fragments, including PCR products, were analyzed with DNA standard 

ladders (New England Biolabs (NEB), Ipswich, MA, USA) on gels containing 1% (PCR 

products >1 kb) or 2% (PCR products <1 kb) UltraPure agarose (GIBCO-Invitrogen) in 

TAE buffer (GIBCO-Invitrogen) with 50 µg/100 ml ethidium bromide (Sigma-Aldrich). 

DNA was visualized by brief exposure of the gels to UV light. 

All DNA restriction digests were performed at 37 °C for 1-2 h using restriction 

endonucleases, corresponding 10x buffers, and 10x bovine serum albumin (BSA) from 

NEB according to NEB instructions.  

All DNA ligation reactions were performed at 16 °C overnight using T4 DNA ligase 

and its corresponding 10x buffer from NEB according to NEB instructions.  
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 PCR products, restriction-digest fragments or ligation products were purified from 

agarose gels using QIAGEN’s QIAquick Gel Extraction Kit, or directly from reaction 

mixtures using QIAGEN’s MinElute PCR Purification Kit according to the manufacturer’s 

instructions.  

 pCDM8-derived vectors (77) were transformed into MC1061 Escherichia coli 

competent bacteria (Invitrogen) using the heat-shock method according to the 

manufacturer’s instructions. Transformed bacteria were grown on Luria Bertani agar plates 

(LB agar plates, Sigma-Aldrich) containing 10 µg/ml tetracycline (Sigma-Aldrich) in 50% 

ethanol (Spectrum Chemicals, Gardena, CA, USA) and 30 µg/ml ampicillin (Sigma-

Aldrich) at 37 °C for 24 h. Colonies were amplified for screening or DNA preparation by 

inoculating Luria Bertani broth (LB broth, Sigma-Aldrich) containing 20 µg/ml tetracycline 

in 50% ethanol and 30 µg/ml ampicillin, and shaking the cultures at 225 rpm overnight at 

37 °C. Cultures for medium-scale, large-scale or ultra-large scale plasmid DNA preparation 

were then boosted with an equal volume of LB/tetracycline/ampicillin and 1/100th vol. 1 M 

glucose (Sigma-Aldrich), and grown for an additional 4, 6, and 10 h, respectively. 

 All other vectors (pCR2.1, pcDNA3.1, pCAGGS) were transformed into DH5α 

Escherichia coli competent bacteria (GIBCO-Invitrogen) using the heat-shock method 

according to the manufacturer’s instructions. Transformed bacteria were grown on LB agar 

plates containing 30 µg/ml ampicillin at 37 °C overnight. Colonies were amplified for 

screening or DNA preparation by inoculating LB containing 30 µg/ml ampicillin and 

shaking the cultures at 225 rpm overnight at 37 °C. 

 Small-scale (< 20 µg) and medium scale (20-100 µg) plasmid DNA purification was 

performed with QIAGEN’s QIAprep Spin Miniprep Kit and QIAfilter Plasmid Midi Kit, 

respectively, according to the manufacturer’s instructions. Large-scale (100 µg - 2.5 mg) 

and ultra-large scale (2.5-10 mg) plasmid DNA purification was performed with 

Invitrogen’s PureLink HiPure Plasmid FP (Filter and Precipitator) Maxiprep Kit and 

QIAGEN’s QIAfilter Plasmid Giga Kit, respectively, according to the manufacturers’ 

instructions. 
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  DNA plasmid inserts were sequenced routinely before use by Retrogen, San Diego, 

CA, USA, using the company’s submission instructions. For sequencing the coding 

sequences of pCDM8-based vectors, oligomers phi f (CTCACCTGCGGTGCCCAGCTG) and phi b 

(TAGCCTGTGCCTGCCCAGAGCCT) were sent to the company together with template DNA at the 

requested concentration. For sequencing the coding sequences of pCR2.1-based vectors, 

pcR2.1 seqfor (CAGGAAACAGCTATGAC) and pcR2.1 seqrev (TACGACTCACTATAGGGCGAATTG) were 

sent. Sequence analyses, oligomer and plasmid design, and sequence alignments were 

performed using the Lasergene Software Package (DNAStar, Madison, WI, USA). 

 

6.2.2 Construction of Lake Victoria marburgvirus isolate Musoke GP1-Fc 

The Lake Victoria marburgvirus isolate Musoke (MARV-Mus) open reading frame (ORF) 

encoding GP1 lacking its signal sequence ( amino-acid residues 17-432) was synthesized 

and amplified by de novo recursive PCR in vitro (218) (Figure 6-1). The reaction was set 

up using the following overlapping DNA oligomers, which are based on the MARV-Mus 

GP1 protein sequence (GenBank accession number CAA78117) and which are codon-

optimized for expression in mammalian cells according to a proprietary algorithm 

developed by Michael R. Farzan: 

 

Forward oligomers: 

mbg1  (TTCCGTGCTAGCGAAGAACCTGCCCATCCTCGAGAT) 
mbg2  (CGCCAGCAACAACCAGCCGCAGAACGTGGACAGCGTGTGCAGCGGCACCTTGCAGAAGACCGAGGACGT) 
mbg3  (GCACCTCATGGGCTTCACCCTGTCCGGCCAGAAGGTGGCCGACAGCCCGCTGGAGGCCTCCAAGCGCTG) 
mbg4  (GGCCTTCCGGACCGGCGTGCCGCCCAAGAACGTGGAGTACACCGAGGGCGAGGAGGCCAAGACCTGCTA) 
mbg5  (CAACATCAGCGTGACCGACCCGTCCGGCAAGAGCCTGCTCCTGGACCCGCCCACCAACATCCGCGACTA) 
mbg6  (CCCGAAGTGCAAGACCATCCACCACATCCAGGGCCAGAACCCGCACGCCCAGGGCATCGCCCTGCACCT) 
mbg7  (CTGGGGCGCCTTCTTCCTCTACGACCGGATCGCCTCCACCACGATGTACCGCGGCAAGGTGTTCACCGA) 
mbg8  (GGGCAACATCGCCGCGATGATCGTGAACAAGACCGTGCACAAGATGATCTTCAGCCGGCAGGGCCAGGG) 
mbg9  (CTACAGGCACATGAACCTGACCTCCACCAACAAGTACTGGACCAGCTCCAACGGCACCCAGACCAACGA) 
mbg10 (CACCGGCTGCTTCGGCGCCCTCCAAGAGTACAACAGCACCAAGAACCAGACCTGCGCGCCCTCCAAGAT) 
mbg11 (CCCGCCGCCTCTGCCCACCGCCCGGCCCGAGATCAAGCTCACCAGCACGCCCACCGACGCCACCAAGCT) 
mbg12 (GAACACCACGGACCCGTCCAGCGACGACGAGGACCTCGCCACCTCCGGCAGCGGGTCCGGCGAGCGCGA) 
mbg13 (GCCGCACACCACCAGCGACGCCGTGACCAAGCAGGGCCTGTCCAGCACCATGCCGCCCACGCCGAGCCC) 
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mbg14 (GCAGCCCTCCACGCCGCAACAGGGCGGCAACAACACCAACCACAGCCAGGACGCCGTGACCGAGCTCGA) 
mbg15 (CAAGAACAACACCACCGCCCAGCCCAGCATGCCGCCGCACAACACCACGACCATCTCCACCAACAACAC) 
mbg16 (CAGCAAGCACAACTTCTCCACCCTGAGCGCGCCGCTGCAGAACACCACGAACGACAACACCCAGTCCAC) 
mbg17 (CATCACCGAGAACGAGCAGACCAGCGCGCCCTCCATCACCACGCTGCCGCCCACCGGCAACCCGACCAC) 
mbg18 (GGCCAAGAGCACCTCCAGCAAGAAGGGCCCGGCCACCACGGCGCCCAACACCACGAACGAGCACTTCAC) 
mbg19 (CTCGCCGCCGCCCACGCCCTCGTCGACCGCCCAGCACCTCGTGTACTTCCGCGGCGCGGATCCCGAGGG) 
 

Reverse oligomers: 

mbg20 (CCCTCGGGATCCGCGCCGCGGAAGTACACGAGGTGC) 
mbg21 (TGGGCGGTCGACGAGGGCGTGGGCGGCGGCGAGGTGAAGTGCTCGTTCGTGGTGTTGGGCGCCGTGGTG) 
mbg22 (GCCGGGCCCTTCTTGCTGGAGGTGCTCTTGGCCGTGGTCGGGTTGCCGGTGGGCGGCAGCGTGGTGATG) 
mbg23 (GAGGGCGCGCTGGTCTGCTCGTTCTCGGTGATGGTGGACTGGGTGTTGTCGTTCGTGGTGTTCTGCAGC) 
mbg24 (GGCGCGCTCAGGGTGGAGAAGTTGTGCTTGCTGGTGTTGTTGGTGGAGATGGTCGTGGTGTTGTGCGGC) 
mbg25 (GGCATGCTGGGCTGGGCGGTGGTGTTGTTCTTGTCGAGCTCGGTCACGGCGTCCTGGCTGTGGTTGGTG) 
mbg26 (TTGTTGCCGCCCTGTTGCGGCGTGGAGGGCTGCGGGCTCGGCGTGGGCGGCATGGTGCTGGACAGGCCC) 
mbg27 (TGCTTGGTCACGGCGTCGCTGGTGGTGTGCGGCTCGCGCTCGCCGGACCCGCTGCCGGAGGTGGCGAGG) 
mbg28 (TCCTCGTCGTCGCTGGACGGGTCCGTGGTGTTCAGCTTGGTGGCGTCGGTGGGCGTGCTGGTGAGCTTG) 
mbg29 (ATCTCGGGCCGGGCGGTGGGCAGAGGCGGCGGGATCTTGGAGGGCGCGCAGGTCTGGTTCTTGGTGCTG) 
mbg30 (TTGTACTCTTGGAGGGCGCCGAAGCAGCCGGTGTCGTTGGTCTGGGTGCCGTTGGAGCTGGTCCAGTAC) 
mbg31 (TTGTTGGTGGAGGTCAGGTTCATGTGCCTGTAGCCCTGGCCCTGCCGGCTGAAGATCATCTTGTGCACG) 
mbg32 (GTCTTGTTCACGATCATCGCGGCGATGTTGCCCTCGGTGAACACCTTGCCGCGGTACATCGTGGTGGAG) 
mbg33 (GCGATCCGGTCGTAGAGGAAGAAGGCGCCCCAGAGGTGCAGGGCGATGCCCTGGGCGTGCGGGTTCTGG) 
mbg34 (CCCTGGATGTGGTGGATGGTCTTGCACTTCGGGTAGTCGCGGATGTTGGTGGGCGGGTCCAGGAGCAGG) 
mbg35 (CTCTTGCCGGACGGGTCGGTCACGCTGATGTTGTAGCAGGTCTTGGCCTCCTCGCCCTCGGTGTACTCC) 
mbg36 (ACGTTCTTGGGCGGCACGCCGGTCCGGAAGGCCCAGCGCTTGGAGGCCTCCAGCGGGCTGTCGGCCACC) 
mbg37 (TTCTGGCCGGACAGGGTGAAGCCCATGAGGTGCACGTCCTCGGTCTTCTGCAAGGTGCCGCTGCACACG) 
mbg38 (CTGTCCACGTTCTGCGGCTGGTTGTTGCTGGCGATCTCGAGGATGGGCAGGTTCTTCGCTAGCACGGAA) 
 

The inner oligomers (mbg2-mbg19, mbg21-mbg38) were diluted in a master mix (mbg 

master mix) to a final concentration of 0.2 pmol/µl each. The PCR was performed after 

mixing 

 

36 µl water 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

1 µl mbg master mix 

1 µl oligomer mbg1 
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1 µl oligomer mbg20 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

35x (30 s 94 °C, 2 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

The main PCR product (1,278 bp), containing unique NheI (GCTAGC) and BamHI 

(GGATCC) restriction sites at the 5’ and 3’ ends of the MARV-Mus GP1 ORF, respectively, 

was detected by agarose-gel electrophoresis, excised, and purified. The product was then 

digested with NheI and BamHI, purified again, ligated into a previously described NheI- 

and BamHI-digested pCDM8-derived expression vector (77) encoding the human CD5 

signal sequence (MPMGSLQPLATLYLLGMLVASVLA) upstream of the NheI site and 

the Fc region of human immunoglobulin G1 (IgG1) downstream of the BamHI site, and 

transformed (MARV-Mus 17-432-Fc). 
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Figure 6-1. Principle of recursive polymerase-chain reaction for the in vitro synthesis 
of open reading frames or genes 
Overlapping oligomers, covering the entire sequence of the desired open reading frame, are 
designed and synthesized. All oligomers, with the exception of the most 5’ and 3’ ones, are 
then mixed at equimolar concentrations. The 5’ and 3’ oligomers are added in 50-fold 
excess. During the polymerase-chain reaction (PCR), oligomers bind to their overlapping 
partners and become extended (Oligomer Extension Step 1). The resulting extended 
oligomers again hybridize and become extended, until the full-length open reading frame 
has been synthesized (Oligomer Extension Step 2). The open reading frame is then 
amplified using the 5’ and 3’ excess oligomers as primers 
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6.2.3 Construction of Lake Victoria marburgvirus isolate Musoke spike protein 

GP1,2-C9 

The MARV-Mus ORF encoding the spike protein GP1,2 lacking its N-terminal signal 

sequence ( amino-acid residues 17-681) but containing a C-terminal C9 tag ( amino-acid 

sequence TETSQVAPA derived from the rhodopsin C-terminus) followed by a stop codon 

was constructed by synthesizing and amplifying the ORF encoding GP2 by de novo 

recursive PCR in vitro (218) (Figure 6-1). The reaction was set up with the following 

overlapping DNA oligomers, which are based on the MARV-Mus GP2 protein sequence 

(GenBank accession number CAA78117) and which are codon-optimized for expression in 

mammalian cells according to a proprietary algorithm developed by Michael R. Farzan: 

 

Forward oligomers: 

mbg41 (ACGCCCTCGTCGACCGCCCAGCACCTCGTGTACTT) 
mbg42 (CCGCCGGAAGCGCAGCATCCTGTGGCGGGAGGGCGACATGTTCCCGTTCCTCGACGGCCTGATCAACGCGCCC) 
mbg43 (ATCGACTTCGACCCGGTGCCCAACACCAAGACCATCTTCGACGAGTCCAGCTCCAGCGGCGCCTCCGCCGAGG) 
mbg44 (AAGACCAGCACGCCTCGCCCAACATCTCCCTCACCCTGAGCTACTTCCCGAACATCAACGAGAACACCGCCTA) 
mbg45 (CTCCGGCGAGAACGAGAACGACTGCGACGCCGAGCTCCGCATCTGGAGCGTGCAGGAGGACGATCTGGCCGCG) 
mbg46 (GGCCTCTCCTGGATTCCGTTCTTCGGCCCGGGCATCGAGGGCCTGTACACCGCCGTGCTCATCAAGAACCAGA) 
mbg47 (ACAACCTGGTGTGCCGGCTCCGCCGGCTGGCCAACCAGACCGCCAAGAGCCTCGAGCTGCTCCTGCGCGTGAC) 
mbg48 (CACGGAGGAGCGGACCTTCTCCCTCATCAACCGCCACGCCATCGACTTCCTGCTCACCCGGTGGGGCGGGACC) 
mbg49 (TGCAAGGTGCTGGGCCCGGACTGCTGTATCGGCATCGAGGACCTCAGCAAGAACATCTCCGAGCAGATCGACC) 
mbg50 (AGATCAAGAAGGACGAGCAGAAGGAGGGCACCGGCTGGGGCCTGGGCGGGAAGTGGTGGACCAGCGACTGGGG) 
mbg51 (CGTGCTCACCAACCTGGGCATCCTCCTGCTCCTGTCCATCGCCGTGCTCATCGCCCTGAGCTGCATCTGCCGC) 
mbg52 (ATCTTCACCAAGTACATCGGCGGTACCGAGACCTCCCAGGTGGCGCCCGCCTAGGGCGCGGATCCCGAGGGTC) 
 

Reverse oligomers: 

mbg53 (GACCCTCGGGATCCGCGCCCTAGGCGGGCGCCACC) 
mbg54 (TGGGAGGTCTCGGTACCGCCGATGTACTTGGTGAAGATGCGGCAGATGCAGCTCAGGGCGATGAGCACGGCGA) 
mbg55 (TGGACAGGAGCAGGAGGATGCCCAGGTTGGTGAGCACGCCCCAGTCGCTGGTCCACCACTTCCCGCCCAGGCC) 
mbg56 (CCAGCCGGTGCCCTCCTTCTGCTCGTCCTTCTTGATCTGGTCGATCTGCTCGGAGATGTTCTTGCTGAGGTCC) 
mbg57 (TCGATGCCGATACAGCAGTCCGGGCCCAGCACCTTGCAGGTCCCGCCCCACCGGGTGAGCAGGAAGTCGATGG) 
mbg58 (CGTGGCGGTTGATGAGGGAGAAGGTCCGCTCCTCCGTGGTCACGCGCAGGAGCAGCTCGAGGCTCTTGGCGGT) 
mbg59 (CTGGTTGGCCAGCCGGCGGAGCCGGCACACCAGGTTGTTCTGGTTCTTGATGAGCACGGCGGTGTACAGGCCC) 
mbg60 (TCGATGCCCGGGCCGAAGAACGGAATCCAGGAGAGGCCCGCGGCCAGATCGTCCTCCTGCACGCTCCAGATGC) 
mbg61 (GGAGCTCGGCGTCGCAGTCGTTCTCGTTCTCGCCGGAGTAGGCGGTGTTCTCGTTGATGTTCGGGAAGTAGCT) 
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mbg62 (CAGGGTGAGGGAGATGTTGGGCGAGGCGTGCTGGTCTTCCTCGGCGGAGGCGCCGCTGGAGCTGGACTCGTCG) 
mbg63 (AAGATGGTCTTGGTGTTGGGCACCGGGTCGAAGTCGATGGGCGCGTTGATCAGGCCGTCGAGGAACGGGAACA) 
mbg64 (TGTCGCCCTCCCGCCACAGGATGCTGCGCTTCCGGCGGAAGTACACGAGGTGCTGGGCGGTCGACGAGGGCGT) 
 

The inner oligomers (mbg42-mbg52, mbg54-mbg64) were diluted in a master mix (mbg 

master mix 2) to a final concentration of 0.2 pmol/µl each. The PCR was performed after 

mixing 

 

36 µl water 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

1 µl mbg master mix 2 

1 µl oligomer mbg41 

1 µl oligomer mbg53 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

35x (30 s 94 °C, 1 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

The main PCR product (911 bp), containing unique SalI (GTCGAC) and BamHI 

restriction sites at the 5’ and 3’ ends of the MARV-Mus GP2-C9 ORF, respectively, was 

detected by agarose-gel electrophoresis, excised, purified. The product was then digested 

with SalI and BamHI, purified again, ligated into the SalI- and BamHI-digested 

pCDM8(MARV-Mus-17-432-Fc) vector, and transformed (MARV-Mus 17-681-C9). 
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6.2.4 Construction of Lake Victoria marburgvirus isolate Musoke GP1-Fc truncation 

variants 

The plasmids encoding N-terminal or C-terminal truncation variants of MARV-Mus 17-

432-Fc were created by inverse PCR (Figures 6-2 and 6-3). The plasmids encoding C-

terminal truncation variants 17-308-Fc, 17-265-Fc, 17-230-Fc, 17-188-Fc, 17-167-Fc, and 

17-134-Fc were created using oligomer mucnegforward 

(CTATGTACGGATCCCGAGGGTGAGTACTAAGCT) and the following oligomers, respectively: 

 

17-308-Fc: mucnegrev2 (TGCAATGGATCCGCGCCGCCCTGTTGCGGCGTGGAGGGCTGCGGGCT) 

17-265-Fc: mucnegrev1 (TGCAATGGATCCGCGCCGTCCTCGTCGTCGCTGGACGGGTCCGTGGT) 

17-230-Fc: mucnegrev1plus1 (TGCAATGGATCCGCGCCCTTGGAGGGCGCGCAGGTCTGGTTCTTGGT) 

17-188-Fc: mucnegrev1plus2 (TGCAATGGATCCGCGCCGTGCCTGTAGCCCTGGCCCTGCCGGCTGAA) 

17-167-Fc: mucnegrev1plus3 (TGCAATGGATCCGCGCCCGCGGCGATGTTGCCCTCGGTGAACACCTT) 

17-134-Fc: mucnegrev1plus4 (TGCAATGGATCCGCGCCGCCCTGGGCGTGCGGGTTCTGGCCCTGGAT) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus 17-432-Fc) 

1 µl oligomer mucnegforward 

1 µl oligomer mucnegrev1, mucnegrev2, mucnegrev1plus1, mucnegrev1plus2, 

mucnegrev1plus3 or mucnegrev1plus4 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 7 min. 70 °C) [two-step PCR] 
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7 min. 72 °C 

 

To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI (NEB) for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with BamHI, purified again, ligated, and 

transformed. 

The plasmids encoding N-terminal truncation variants 38-432-Fc, 61-432-Fc, and 

87-432-Fc were created using oligomer firstcrev (CAAGTTAGCTAGCACGGAAGCGACCAGCATCCC) 

and the following oligomers, respectively: 

 

38-432-Fc: firstcmarvforward (CTATGTACGCTAGCGAGCGGCACCTTGCAGAAGACCGAGGACGTG) 

61-432-Fc: firstcplus1marvforward (CTATGTACGCTAGCGGACAGCCCGCTGGAGGCCTCCAAGCGCTGG) 

87-432-Fc: firstcplus2marvforward (CTATGTACGCTAGCGGAGGAGGCCAAGACCTGCTACAACATCAGC) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus 17-432-Fc) 

1 µl oligomer firstcrev 

1 µl oligomer firstcmarvforward, firstcplus1marvforward or firstcplus2marvforward 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 7 min. 70 °C) [two-step PCR] 

7 min. 72 °C 
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To destroy (methylated) template DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with NheI, purified again, ligated, and 

transformed. 

The plasmids encoding N- and C-terminal truncations (38-308-Fc, 38-265-Fc, 38-

230-Fc, 38-188-Fc, 38-167-Fc, 38-134-Fc, 61-308-Fc, 61-265-Fc, 61-230-Fc, 61-188-Fc, 

61-167-Fc, 61-134-Fc, 87-308-Fc, 87-265-Fc, 87-230-Fc, 87-188-Fc, 87-167-Fc, 87-134-

Fc) were created by using the synthesized plasmids described above as templates and 

subjecting them to inverse PCR using the various oligomers and PCR conditions described 

above. 
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Figure 6-2. Principle of inverse polymerase-chain reaction for the creation of genes 
encoding C-terminal truncation variants of filoviral Fc fusion proteins 
An oligomer is designed that binds to the utmost C-terminal region of the template open 
reading frame (red) and the downstream region of the vector (green), containing a unique 
restriction site (in this case BamHI in oligomer mucnegforward). A second oligomer is 
designed that binds to the specific region within the open reading frame that encodes the C 
terminus of the envisioned truncation variant (grey), ending with a sequence that 
complements the restriction site-containing region of the first oligomer. After polymerase-
chain reaction (PCR), template (methylated) DNA is digested with DpnI, the linear 
fragments are digested with the restriction enzyme, and the plasmid is circularized by 
ligation 
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Figure 6-3. Principle of inverse polymerase-chain reaction for the creation of genes 
encoding N-terminal truncation variants of filoviral Fc fusion proteins 
An oligomer is designed that binds to the utmost N-terminal region of the template open 
reading frame (white) and the upstream region of the vector (green), containing a unique 
restriction site (in this case NheI in oligomer firstcrev). A second oligomer is designed 
that binds to the specific region within the open reading frame that encodes the N-terminus 
of the envisioned truncation variant (red), ending with a sequence that complements the 
restriction site-containing region of the first oligomer. After polymerase-chain reaction 
(PCR), template (methylated) DNA is digested with DpnI, the linear fragments are digested 
with the restriction enzyme, and the plasmid is circularized by ligation 
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6.2.5 Construction of Lake Victoria marburgvirus isolate Musoke spike protein 

GP1,2-C9 containing GP1-internal deletions 

The plasmids encoding deletions within the GP1 region of MARV-Mus spike protein GP1,2-

C9 (17-681-C9) were created by inverse PCR (Figures 6-2 and 6-3) using oligomer marvps 

del (ATGTACACATGTTCCCGTTCCTCGACGGCCTG) and the following oligomers, respectively: 

 

MARV-Mus 17-681Δ266-432-C9: 

marvps265 (TGCAATACATGTCGCCCTCCCGCCACAGGATGCTGCGCTTCCGGCGGTCCTCGTCGTCGCTGGACGGGTCCGTGGT) 
 

MARV-Mus 17-681Δ231-432-C9: 

marvps230 (TGCAATACATGTCGCCCTCCCGCCACAGGATGCTGCGCTTCCGGCGCTTGGAGGGCGCGCAGGTCTGGTTCTTGGT) 
 

MARV-Mus 17-681Δ189-432-C9: 

marvps188 (TGCAATACATGTCGCCCTCCCGCCACAGGATGCTGCGCTTCCGGCGGTGCCTGTAGCCCTGGCCCTGCCGGCTGAA) 
 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus-17-681-C9) 

1 µl oligomer marvps265, marvps230 or marvps188 

1 µl oligomer marvps del 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 7 min. 70 °C) [two-step PCR] 

7 min. 72 °C 
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To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI (NEB) for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with PciI (ACATGT), purified again, ligated, and 

transformed. 

 

6.2.6 Construction of Lake Victoria marburgvirus isolate Angola GP1-Fc truncation 

variants 

The amino-acid sequence of Lake Victoria marburgvirus isolate Angola (MARV-Ang) 

spike protein GP1,2 was provided by Dr. Stuart T. Nichol and his team at the Centers for 

Disease Control and Prevention (CDC) in Atlanta, GA, USA, and has since been published 

(269). In the GP1 area of interest to the research described in this dissertation, this sequence 

differs in only one position from that of MARV-Mus (T74→A). The plasmids encoding 

MARV-Ang 38-188-Fc, 38-167-Fc, 61-188-Fc, and 61-167-Fc were created by site-

directed mutagenesis using the QuickChange method (Stratagene) to mutate the codon for 

threonine 74 to a codon for alanine. Briefly, reactions were performed after mixing 

 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus-38-188-Fc, 38-167-Fc, 61-188-Fc or 61-167-Fc) 

1 µl oligomer Angola_f (CAAGCGCTGGGCCTTCCGGGCCGGCGTGCCGCCCAAGAAC) 

1 µl oligomer Angola_b (GTTCTTGGGCGGCACGCCGGCCCGGAAGGCCCAGCGCTTG) 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30 s 65 °C, 7 min. 70 °C) [three-step PCR] 
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7 min. 72 °C 

 

To destroy (methylated) template DNA, the reaction mixes were incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR products were detected by agarose-gel 

electrophoresis, excised, purified, and transformed. 

 

6.2.7 Construction of Lake Victoria marburgvirus isolate Musoke receptor-binding 

region mutants 

The plasmids encoding MARV-Mus 38-188N94A-Fc, and 38-188N171A-Fc were created 

by site-directed mutagenesis using the QuickChange method (Stratagene) to mutate the 

codon for asparagine 94 or asparagine 171 to codons for alanine. Briefly, reactions were 

performed after mixing 

 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus 38-188-Fc) 

1 µl cloned pfuTurbo  

 

with 1 µl oligomer of each of the following oligomers: 

 

MARV-Mus 38-188N94A: 

38-188N94Af (GAGGCCAAGACCTGCTACGCCATCAGCGTGACCGACCCG) 
38-188N94Ab (CGGGTCGGTCACGCTGATGGCGTAGCAGGTCTTGGCCTC) 
 

MARV-Mus 38-188N171A: 

38-188N171Af (ATCGCCGCGATGATCGTGGCCAAGACCGTGCACAAGATG) 
38-188N171Ab (CATCTTGTGCACGGTCTTGGCCACGATCATCGCGGCGAT) 
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using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30 s 65 °C, 6 min. 70 °C) [three-step PCR] 

7 min. 72 °C 

 

To destroy template DNA, the reaction mixes were incubated with 2 µl DpnI for 2 h 

at 37 °C. The PCR products were detected by agarose-gel electrophoresis, excised, purified, 

and transformed. 

The plasmid encoding MARV-Mus 38-188N94A,N171A-Fc was synthesized by 

following the protocol above using the plasmid encoding MARV-Mus 38-188N94A-Fc as 

template and oligomers 38-188N171Af and 38-188N171Ab. 

 

6.2.8 Construction of mucin-like domain-deleted Zaire ebolavirus isolate Mayinga 

GP1 

The Zaire ebolavirus isolate Mayinga (ZEBOV-May) ORF encoding GP1 lacking its signal 

sequence and its C-terminal mucin-like domain (MLD) was synthesized ( amino-acid 

residues 33-308) and amplified by de novo recursive PCR in vitro (218) (Figure 6-1). The 

reaction was set up using the following overlapping DNA oligomers, which are based on 

the ZEBOV-May GP1 protein sequence (GenBank accession number NP_066246) and 

which are codon-optimized for expression in mammalian cells according to a proprietary 

algorithm developed by Michael R. Farzan: 

 

Forward oligomers: 

Em1  (ATTTCCGTGCTAGCGCGCGACCGGTTCA) 
Em2  (AGCGCACCAGCTTCTTTCTGTGGGTGATCATTCTCTTCCAGCGGACCTTCTCCATCCCGCTGGGCGTGATCCACA) 
Em3  (ACAGCACCCTCCAGGTGTCCGAGGTGGACAAGCTGGTGTGCCGCGACAAGCTCAGCTCCACCAACCAGCTGCGGA) 
Em4  (GCGTGGGCCTCAACCTGGAGGGCAACGGCGTGGCCACCGACGTGCCCTCCGCCACCAAGCGCTGGGGCTTCCGGA) 
Em5  (GCGGCGTGCCGCCCAAGGTGGTCAACTACGAGGCCGGCGAGTGGGCCGAGAACTGCTACAACCTCGAGATCAAGA) 
Em6  (AACCCGACGGCTCCGAGTGCCTGCCCGCCGCGCCCGACGGCATCCGCGGCTTCCCGAGGTGCCGCTACGTGCACA) 
Em7  (AAGTCAGCGGCACCGGGCCCTGCGCCGGCGACTTCGCCTTCCACAAGGAGGGCGCCTTCTTTCTCTACGACCGGC) 



   80

Em8  (TGGCCTCCACCGTGATCTACCGCGGCACCACGTTCGCCGAGGGCGTGGTCGCCTTCCTCATCCTGCCGCAAGCCA) 
Em9  (AGAAAGACTTCTTTAGCTCCCACCCGCTCCGGGAGCCCGTGAACGCCACCGAGGACCCGAGCTCCGGCTACTATA) 
Em10 (GCACCACGATCCGCTACCAGGCCACCGGCTTCGGCACCAACGAGACCGAGTACCTGTTCGAGGTGGACAACCTCA) 
Em11 (CCTACGTGCAGCTGGAGTCCCGGTTCACGCCGCAGTTCCTCCTGCAGCTCAACGAGACCATCTACACCAGCGGCA) 
Em12 (AGCGCTCCAACACGACCGGCAAGCTGATCTGGAAGGTGAACCCGGAGATCGACACCACGATCGGCGAGTGGGCCT) 
Em13 (TCTGGGAGACCAAGAAAAACCTCACCCGGAAGATCCGCAGCGAAGAGCTGTCCTTCGGCGCGGATCCCGAGGGTA) 
 

Reverse oligomers: 

Em14 (TACCCTCGGGATCCGCGCCGAAGGACAG) 
Em15 (CTCTTCGCTGCGGATCTTCCGGGTGAGGTTTTTCTTGGTCTCCCAGAAGGCCCACTCGCCGATCGTGGTGTCGAT) 
Em16 (CTCCGGGTTCACCTTCCAGATCAGCTTGCCGGTCGTGTTGGAGCGCTTGCCGCTGGTGTAGATGGTCTCGTTGAG) 
Em17 (CTGCAGGAGGAACTGCGGCGTGAACCGGGACTCCAGCTGCACGTAGGTGAGGTTGTCCACCTCGAACAGGTACTC) 
Em18 (GGTCTCGTTGGTGCCGAAGCCGGTGGCCTGGTAGCGGATCGTGGTGCTATAGTAGCCGGAGCTCGGGTCCTCGGT) 
Em19 (GGCGTTCACGGGCTCCCGGAGCGGGTGGGAGCTAAAGAAGTCTTTCTTGGCTTGCGGCAGGATGAGGAAGGCGAC) 
Em20 (CACGCCCTCGGCGAACGTGGTGCCGCGGTAGATCACGGTGGAGGCCAGCCGGTCGTAGAGAAAGAAGGCGCCCTC) 
Em21 (CTTGTGGAAGGCGAAGTCGCCGGCGCAGGGCCCGGTGCCGCTGACTTTGTGCACGTAGCGGCACCTCGGGAAGCC) 
Em22 (GCGGATGCCGTCGGGCGCGGCGGGCAGGCACTCGGAGCCGTCGGGTTTCTTGATCTCGAGGTTGTAGCAGTTCTC) 
Em23 (GGCCCACTCGCCGGCCTCGTAGTTGACCACCTTGGGCGGCACGCCGCTCCGGAAGCCCCAGCGCTTGGTGGCGGA) 
Em24 (GGGCACGTCGGTGGCCACGCCGTTGCCCTCCAGGTTGAGGCCCACGCTCCGCAGCTGGTTGGTGGAGCTGAGCTT) 
Em25 (GTCGCGGCACACCAGCTTGTCCACCTCGGACACCTGGAGGGTGCTGTTGTGGATCACGCCCAGCGGGATGGAGAA) 
Em26 (GGTCCGCTGGAAGAGAATGATCACCCACAGAAAGAAGCTGGTGCGCTTGAACCGGTCGCGCGCTAGCACGGAAAT) 
 

The inner oligomers (Em2-Em13, Em15-Em26) were diluted in a master mix (zebov 

master mix) to a final concentration of 0.2 pmol/µl each. The PCR was performed after 

mixing 

 

36 µl water 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

1 µl zebov master mix 

1 µl oligomer Em1 

1 µl oligomer Em14 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 
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3 min. 94 °C 

35x (30 s 94 °C, 1 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

The main PCR product (928 bp), containing unique NheI and BamHI restriction 

sites at the 5’ and 3’ ends of the ZEBOV-May GP1 33-308 ORF, was detected by agarose-

gel electrophoresis, excised, and purified. The product was then digested with NheI and 

BamHI, purified again, ligated into the NheI- and BamHI-digested pCDM8-derived 

expression vector (77), and transformed (ZEBOV-May 33-308-Fc). 

 

6.2.9 Construction of Zaire ebolavirus isolate Mayinga GP1-Fc truncation variants 

Plasmids encoding N-terminal or C-terminal truncation variants of ZEBOV-May 33-308-Fc 

were created by inverse PCR (Figures 6-2 and 6-3). Plasmids encoding C-terminal 

truncation variants 33-267-Fc, 33-237-Fc, 33-201-Fc, 33-172-Fc, 33-156-Fc were created 

using oligomer mucnegforward (Chapter 6.2.4) and the following oligomers, respectively: 

 

33-267-Fc: mucnegplus1zebovrev (TGCAATGGATCCGCGCCGGAGCGCTTGCCGCTGGTGTAGATGGTCTC) 

33-237-Fc: mucnegplus2zebovrev (TGCAATGGATCCGCGCCGTCCACCTCGAACAGGTACTCGGTCTCGTT) 

33-201-Fc: maynplus1 (TGCAATGGATCCGCGCCCTCCCGGAGCGGGTGGGAGCTAAAGAAGTC) 

33-172-Fc: maynplus2 (TGCAATGGATCCGCGCCGCGGTAGATCACGGTGGAGGCCAGCCGGTC) 

33-156-Fc: maynplus3 (TGCAATGGATCCGCGCCCTCCTTGTGGAAGGCGAAGTCGCCGGCGCA) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (ZEBOV-May 33-308-Fc) 

1 µl oligomer mucnegforward 
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1 µl oligomer mucnegplus1zebovrev, mucnegplus2zebovrev, maynplus1, maynplus2 or 
maynplus3  
1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 6 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with BamHI, purified again, ligated, and 

transformed. 

Plasmids encoding N-terminal truncation variants 54-308-Fc, 76-308-Fc, and 78-

308-Fc, 100-308-Fc, and 149-308-Fc were created using oligomer firstcrev (Chapter 

6.2.4) and the following oligomers, respectively: 

 

54-308-Fc: firstczebovforward (CTATGTACGCTAGCGCGCGACAAGCTCAGCTCCACCAACCAGCTG) 

76-308-Fc: maycplus1 (CTATGTACGCTAGCGGCCACCGACGTGCCCTCCGCCACCAAGCGC) 

78-308-Fc: zebovc1plusforward (CTATGTACGCTAGCGGACGTGCCCTCCGCCACCAAGCGCTGGGGC) 

100-308-Fc: zebovc2plusforward (CTATGTACGCTAGCGGAGGCCGGCGAGTGGGCCGAGAACTGCTAC) 

149-308-Fc: zebovc3plusforward (CTATGTACGCTAGCGGGCGACTTCGCCTTCCACAAGGAGGGCGCC) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (ZEBOV-May 33-308-Fc) 
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1 µl oligomer firstczebovforward, maycplus1, zebovc1plusforward, zebovc2plusforward or 

zebovc3plusforward 

1 µl oligomer firstcrev 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 6 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy (methylated) template DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with NheI, purified again, ligated, and 

transformed. 

Plasmids encoding N- and C-terminal truncations (54-267-Fc, 54-237-Fc, 54-201-

Fc, 54-172-Fc, 54-156-Fc, 76-201-Fc, 76-172-Fc, and 76-156-Fc) were created by using 

plasmids encoding the created truncation variants above as templates and subjecting them 

to inverse PCR using the appropriate oligomers and PCR conditions described above. 

 

6.2.10 Construction of Zaire ebolavirus isolate Mayinga receptor-binding region 

mutants 

Plasmids encoding ZEBOV-May 54-201F88A-Fc, 54-201F159A-Fc, 54-201G74A,V75A-

Fc, and 54-201V96A,V97A-Fc were created by site-directed mutagenesis using the 

QuickChange method (Stratagene). Briefly, reactions were performed after mixing 

 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  
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0.1 µg template plasmid (ZEBOV-May 54-201-Fc) 

1 µl cloned pfuTurbo  

 

with 1 µl oligomer of each of the following oligomers: 

 

ZEBOV-May 54-201F88A-Fc: 

54-201F88Af (ACCAAGCGCTGGGGCGCCCGGAGCGGCGTGCCG) 
54-201F88Ab (CGGCACGCCGCTCCGGGCGCCCCAGCGCTTGGT) 
 

ZEBOV-May 54-201F159A-Fc: 

54-201F159Af (CACAAGGAGGGCGCCGCCTTTCTCTACGACCGG) 
54-201F159Ab (CCGGTCGTAGAGAAAGGCGGCGCCCTCCTTGTG) 
 

ZEBOV-May 54-201G74A,V75A-Fc: 

54-201G74AV75Af (AACCTGGAGGGCAACGCCGCGGCCACCGACGTGCCC) 
54-201G74AV75Ab (GGGCACGTCGGTGGCCGCGGCGTTGCCCTCCAGGTT) 
 

ZEBOV-May 54-201V96A,V97A-Fc: 

54-201V96AV97Af (GGCGTGCCGCCCAAGGCGGCCAACTACGAGGCCGGC) 
54-201V96AV97Ab (GCCGGCCTCGTAGTTGGCCGCCTTGGGCGGCACGCC) 
 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30 s 65 °C, 7 min. 70 °C) [three-step PCR] 

7 min. 72 °C 

 

To destroy template DNA, the reaction mixes were incubated with 2 µl DpnI for 2 h 

at 37 °C. The PCR products were detected by agarose-gel electrophoresis, excised, purified, 

and transformed. 
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6.2.11 Construction of Côte d’Ivoire, Reston, and Sudan ebolavirus receptor-binding 

regions 

Non-codon-optimized ORFs encoding Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 

(CIEBOV-CI) GP1 residues 54-201, Reston ebolavirus isolate Pennsylvania (REBOV-Pen) 

GP1 residues 55-202, and Sudan ebolavirus isolate Gulu (SEBOV-Gul) GP1 residues 54-

201 were cloned from GP1,2-encoding template plasmids provided by Dr. M. Javad Aman 

at the United States Army Medical Research Institute of Infectious Diseases (USAMRIID), 

Fort Detrick, Frederick, MD, USA. The oligomers used for the reactions were designed 

according to deposited spike-protein gene sequences (GenBank accession numbers 

Q66810, NP_690583, and AAU43887, respectively) and are listed below: 

 

CIEBOV-CI 54-201-Fc: 

CIEBOV_RBDf (CTATGTACGCTAGCGCGAGACAAACTCTCTTCAACT) 
CIEBOV_RBDb (TGCAATGTGGATCCGCGCCCTCATGCAATGGAGGAGACTG) 
 

REBOV-Pen 55-202-Fc: 

REBOV_RBDf (CTATGTACGCTAGCGCGGGACAAACTGTCATCAACC) 
REBOV_RBDb (TGCAATGTGGATCCGCGCCTTCATGAGCTGGTGTAGCCTT) 
 

SEBOV-Gul 54-201-Fc: 

SEBOVGul_RBDf (CTATGTACGCTAGCGAAGGATCATCTTGCATCTACT) 
SEBOVGul_RBDb (TGCAATGTGGATCCGCGCCCTCTCGAATGGGGGGTGACTG) 
 

The reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (CIEBOV-CI GP1,2, REBOV-Pen GP1,2, or SEBOV-Gul GP1,2) 

1 µl oligomer CIEBOV_RBDf, REBOV_RBDf or SEBOVGul_RBDf 

1 µl oligomer CIEBOV_RBDb REBOV_RBDb or SEBOVGul_RBDb 
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1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30 s 65 °C, 2 min. 70 °C) [three-step PCR] 

7 min. 72 °C 

 

The main PCR products, containing unique NheI and BamHI restriction sites at the 

5’ and 3’ ends, respectively, were detected by agarose-gel electrophoresis, excised, and 

purified. The product was then digested with NheI and BamHI, ligated into the NheI- and 

BamHI-digested pCDM8-derived expression vector (77), and transformed (CIEBOV-CI 

54-201-Fc, REBOV-Pen 55-202-Fc, and SEBOV-Gul 54-201-Fc). 

 

6.2.12 Construction of Zaire ebolavirus isolate Mayinga sGP-Fc 

The ZEBOV-May secreted glycoprotein sGP shares the N-terminal 295 amino-acid 

residues with GP1 and ssGP. To construct ZEBOV-May sGP-Fc, an ORF encoding the 

unique sGP C-terminus without Δ-peptide ( amino-acid residues 296-324) and with a 

defective furin-cleavage site (R321VRS instead of R321VRR) was synthesized and amplified 

by de novo recursive PCR in vitro (218) (Figure 6-1). The reaction was set up using the 

following overlapping DNA oligomers, which are based on the ZEBOV-May sGP protein 

sequence (GenBank accession numbers NP_066247) and which are codon-optimized for 

expression in mammalian cells according to a proprietary algorithm developed by Michael 

R. Farzan: 

 

sGP forward oligomers: 

sgpfc1 (ATCAGTCGATCGGCGAGTGGGCCTTCTGGGA) 
sgpfc2 (GACCAAGAAAACCAGCCTGGAGAAGTTCGCCGTGAAGTCCTGCCTCAGCCAGCTGTA) 
sgpfc3 (CCAGACCGAGCCCAAGACCTCCGTGGTCCGCGTGCGGAGCGGCGCGGATCCCGAGGG) 
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sGP reverse oligomers: 

sgpfc4 (CCCTCGGGATCCGCGCCGCTCCGCACGCGGA) 
sgpfc5 (CCACGGAGGTCTTGGGCTCGGTCTGGTACAGCTGGCTGAGGCAGGACTTCACGGCGA) 
sgpfc6 (ACTTCTCCAGGCTGGTTTTCTTGGTCTCCCAGAAGGCCCACTCGCCGATCGACTGAT) 
 

The PCR was performed as described in Chapter 6.2.2 with a shorter elongation 

time (30 s). The main PCR product (290 bp), containing unique PvuI (CGATCG) and BamHI 

restriction sites at the 5’ and 3’ ends, respectively, was detected by agarose-gel 

electrophoresis, excised, and purified. The product was then digested with PvuI and 

BamHI, purified again, ligated into the PvuI- and BamHI-digested pCDM8(ZEBOV-May 

33-308-Fc) vector backbone (see Chapter 6.2.8), and transformed (ZEBOV-May sGP-Fc). 

 

6.2.13 Construction of Zaire ebolavirus isolate Mayinga ssGP-Fc 

The ZEBOV-May secondary secreted glycoprotein ssGP shares the N-terminal 295 amino-

acid residues with GP1 and sGP and contains only two unique C-terminal amino acids 

(P296H, see GenBank accession number NP_066248). ZEBOV-May ssGP-Fc was 

synthesized by modified inverse PCR (Figures 6-2 and 6-3) using oligomers mucnegforward 

(Chapter 6.2.4) and ssgpfc (TGCAATGGATCCGCGCCGTGCGGTTTCTTGGTCTCCCAGAAGGCCCACTCGCC). 
 

The reaction was performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (ZEBOV-May 33-308-Fc) 

1 µl oligomer ssgpfc 

1 µl oligomer mucnegforward 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 
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3 min. 94 °C 

30x (30 s 94 °C, 6 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with BamHI, purified again, ligated, and 

transformed. 

 

6.2.14 Construction of ebolaviral Δ-peptides 

Codon-optimized ORFs encoding Δ-peptides of CIEBOV (sGP amino-acid residues 325-

365, renumbered as Δ-peptide amino-acid residues 1-41), REBOV (sGP amino-acid 

residues 326-367, renumbered as Δ-peptide amino-acid residues 1-42), SEBOV (sGP 

amino-acid residues 325-372, renumbered as Δ-peptide amino-acid residues 1-48), and 

ZEBOV (sGP amino-acid residues 325-364, renumbered as Δ-peptide amino-acid residues 

1-40) were synthesized and amplified by de novo recursive PCR in vitro (218) (Figure 6-1). 

The reactions were set up using the following overlapping DNA oligomers, which are 

based on the CIEBOV, REBOV, SEBOV, and ZEBOV sGP protein sequences (GenBank 

accession numbers AAB37092, NP_690584, AAU43886, NP_066247, respectively) and 

which are codon-optimized for expression in mammalian cells according to a proprietary 

algorithm developed by Michael R. Farzan: 

 

CIEBOV Δ-peptide forward oligomers: 

cdelpepfc1 (TTCCGTGCTAGCGTCCCTCCTGCCCAGCCCG) 
cdelpepfc2 (CCCACCACGACCCAGGCCAAGACCACGAAGAACTGGTTCCAGCGCATCCCGCTGCAGTGGT) 
cdelpepfc3 (TCCGGTGCAAGACCTCCCGCGAGCGGACCCAGTGCCAGCCGCAGGGCGCGGATCCCGAGGG) 
 

CIEBOV Δ-peptide reverse oligomers: 

cdelpepfc4 (CCCTCGGGATCCGCGCCCTGCGGCTGGCACT) 
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cdelpepfc5 (GGGTCCGCTCGCGGGAGGTCTTGCACCGGAACCACTGCAGCGGGATGCGCTGGAACCAGTT) 
cdelpepfc6 (CTTCGTGGTCTTGGCCTGGGTCGTGGTGGGCGGGCTGGGCAGGAGGGACGCTAGCACGGAA) 
 

 

REBOV Δ-peptide forward oligomers: 

rdelpepfc1 (TTCCGTGCTAGCGGAGCTGTCCAAGGAGAAGC) 
rdelpepfc2 (TCGCCACCACGCACCCGCCCACCACGCCCAGCTGGTTCCAGCGCATCCCGCTGCAGTGGTTC) 
rdelpepfc3 (CAGTGCTCCCTCCAGGACGGCCAGCGCAAGTGCCGGCCCAAGGTGGGCGCGGATCCCGAGGG) 
 

REBOV Δ-peptide reverse oligomers: 

rdelpepfc4 (CCCTCGGGATCCGCGCCCACCTTGGGCCGGCA) 
rdelpepfc5 (CTTGCGCTGGCCGTCCTGGAGGGAGCACTGGAACCACTGCAGCGGGATGCGCTGGAACCAGC) 
rdelpepfc6 (TGGGCGTGGTGGGCGGGTGCGTGGTGGCGAGCTTCTCCTTGGACAGCTCCGCTAGCACGGAA) 
 

 

SEBOV Δ-peptide forward oligomers: 

sdelpepfc1 (TTCCGTGCTAGCGGAGCTGCAGCGCGAGGAATCT) 
sdelpepfc2 (CCCACCGGCCCGCCCGGCAGCATCCGGACCTGGTTCCAGCGCATCCCGCTCGGCTGGTTCCACTGCACCT) 
sdelpepfc3 (ACCAGAAGGGCAAGCAGCACTGCCGGCTGCGCATCCGCCAGAAGGTGGAGGAAGGCGCGGATCCCGAGGG) 
 

SEBOV Δ-peptide reverse oligomers: 

sdelpepfc4 (CCCTCGGGATCCGCGCCTTCCTCCACCTTCTGGC) 
sdelpepfc5 (GGATGCGCAGCCGGCAGTGCTGCTTGCCCTTCTGGTAGGTGCAGTGGAACCAGCCGAGCGGGATGCGCTG) 
sdelpepfc6 (GAACCAGGTCCGGATGCTGCCGGGCGGGCCGGTGGGAGATTCCTCGCGCTGCAGCTCCGCTAGCACGGAA) 
 

 

ZEBOV Δ-peptide forward oligomers: 

delpepfc1 (TTCCGTGCTAGCGGAGCTGCTCCCGACCCA) 
delpepfc2 (GGGCCCGACCCAGCAACTGAAGACCACGAAGTCCTGGCTCCAGAAGATCCCGTTGCAGTG) 
delpepfc3 (GTTCAAGTGCACCGTGAAGGAGGGCAAGCTGCAGTGCCGCATCGGCGCGGATCCCGAGGG) 
 

ZEBOV Δ-peptide reverse oligomers: 

delpepfc4 (CCCTCGGGATCCGCGCCGATGCGGCACTGC) 
delpepfc5 (AGCTTGCCCTCCTTCACGGTGCACTTGAACCACTGCAACGGGATCTTCTGGAGCCAGGAC) 
delpepfc6 (TTCGTGGTCTTCAGTTGCTGGGTCGGGCCCTGGGTCGGGAGCAGCTCCGCTAGCACGGAA) 
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The PCRs were performed as described in Chapter 6.2.2 with shorter elongation 

times (30 s). The main PCR products, containing unique NheI and BamHI restriction sites 

at the 5’ and 3’ ends, respectively, were detected by agarose-gel electrophoresis, excised, 

and purified. The products were then digested with NheI and BamHI, ligated into the NheI- 

and BamHI-digested pCDM8-derived expression vector (77), and transformed (CIEBOV, 

REBOV, SEBOV, and ZEBOV Δ-Fc). 

 

6.2.15 Construction of Sudan ebolavirus Δ-peptide truncation variants 

Plasmids encoding N-terminal or C-terminal truncation variants of SEBOV Δ-Fc (Δ1-48-

Fc) were created by inverse PCR (Figures 6-2 and 6-3). Plasmids encoding C-terminal 

truncation variants Δ1-39-Fc, Δ1-33-Fc, Δ1-28-Fc, and Δ1-17-Fc were created using 

oligomer mucnegforward (Chapter 6.2.4) and the following oligomers, respectively: 

 

Δ1-39-Fc: sebovcdel1 (TGCAATGGATCCGCGCCCCGGCAGTGCTGCTTGCCCTTCTGGTAGGT) 

Δ1-33-Fc: sebovcdel2 (TGCAATGGATCCGCGCCCTTCTGGTAGGTGCAGTGGAACCA) 

Δ1-28-Fc: sebovcdel3 (TGCAATGGATCCGCGCCGTGGAACCAGCCGAGCGGGATGCG) 

Δ1-17-Fc: sebovcdel4 (TGCAATGGATCCGCGCCGGTCCGGATGCTGCCGGGCGGGCC) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl oligomer sebovcdel1, sebovcdel2, sebovcdel3 or sebovcdel4 

1 µl oligomer mucnegforward 

1 µl cloned pfuTurbo  
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using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 5 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with BamHI, purified again, ligated, and 

transformed. 

Plasmids encoding N-terminal truncation variants Δ7-48-Fc, Δ13-48-Fc, Δ18-48-Fc, 

and Δ28-48-Fc were created using oligomer firstcrev (Chapter 6.2.4) and the following 

oligomers, respectively: 

 

Δ7-48-Fc: sebovndel3 (CTATGTACGCTAGCGTCTCCCACCGGCCCGCCCGGCAGC) 

Δ13-48-Fc: sebovndel1 (CTATGTACGCTAGCGGGCAGCATCCGGACCTGGTTCCAGCGCATC) 

Δ18-48-Fc: sebovndel2 (CTATGTACGCTAGCGACCTGGTTCCAGCGCATCCCGCTC) 

Δ28-48-Fc: sebovndel4 (CTATGTACGCTAGCGGAGGAGGCCAAGACCTGCTACAACATCAGC) 

 

Reactions were performed after mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl oligomer sebovndel1, sebovndel2, sebovndel3 or sebovndel4 

1 µl oligomer firstcrev 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 
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30x (30 s 94 °C, 5 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy (methylated) template DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with NheI, purified again, ligated, and 

transformed. 

The plasmid encoding Sudan ebolavirus Δ-peptide-1-39-Fc T9→A (SEBOV Δ1-

39T9A-Fc) was synthesized as described for SEBOV Δ1-39-Fc above but with the plasmid 

encoding SEBOV ΔT9A-Fc (see Chapter 6.2.16) as template. 

 

6.2.16 Construction of Sudan ebolavirus Δ-peptide mutants 

Plasmids encoding SEBOV Δ-peptide-Fc mutants were created by site-directed 

mutagenesis using the QuickChange method (Stratagene). Reactions were performed after 

mixing 

 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl cloned pfuTurbo  

 

with 1 µl oligomer of each of the following oligomers: 

 

Sudan ebolavirus Δ-peptide-Fc S14→A (SEBOV ΔS14A-Fc): 

Forward oligomer: SdeltaS14Af (GGCCCGCCCGGCGCCATCCGGACCTG) 
Reverse oligomer: SdeltaS14Ar (CAGGTCCGGATGGCGCCGGGCGGGCC) 
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Sudan ebolavirus Δ-peptide-Fc W18→A (SEBOV ΔW18A-Fc): 

Forward oligomer: SdeltaW18Af (GGCAGCATCCGGACCGCATTCCAGCGCATCCCGCTC) 
Reverse oligomer: SdeltaW18Ar (GAGCGGGATGCGCTGGAATGCGGTCCGGATGCTGCC) 
 

Sudan ebolavirus Δ-peptide-Fc W26→A (SEBOV ΔW26A-Fc): 

Forward oligomer: SdeltaW26Af2 (CAGCGCATCCCGCTCGGCGCATTCCACTGCACCTACCAG) 
Reverse oligomer: SdeltaW26Ar2 (CTGGTAGGTGCAGTGGAATGCGCCGAGCGGGATGCGCTG) 
 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 5 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy (methylated) template DNA, the reaction mixes were incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR products were detected by agarose-gel 

electrophoresis, excised, purified, and transformed. 

The plasmid encoding Sudan ebolavirus Δ-peptide-Fc T9→A (SEBOV ΔT9A-Fc) 

was synthesized in vitro by recursive PCR as described in Chapter 6.2.11 by replacing 

oligomers sdelpepfc2 and sdelpepfc6 with sdelpepfc2TtoA 

(CCCGCCGGCCCGCCCGGCAGCATCCGGACCTGGTTCCAGCGCATCCCGCTCGGCTGGTTCCACTGCACCT) and 

sdelpepfc6TtoA (GAACCAGGTCCGGATGCTGCCGGGCGGGCCGGCGGGAGATTCCTCGCGCTGCAGCTCCGGATCCACGGAA), 

respectively. 

 

The plasmid encoding Sudan ebolavirus Δ-peptide-Fc R21→A (SEBOV ΔR21A-Fc) 

was synthesized in vitro by recursive PCR as described in Chapter 6.2.11 by replacing 

oligomers sdelpepfc2 and sdelpepfc5 with sdelpepfc2RtoA 

(CCCACCGGCCCGCCCGGCAGCATCCGGACCTGGTTCCAGGCCATCCCGCTCGGCTGGTTCCACTGCACCT) and 

sdelpepfc5RtoA (GGATGCGCAGCCGGCAGTGCTGCTTGCCCTTCTGGTAGGTGCAGTGGAACCAGCCGAGCGGGATGGCCTG), 

respectively. 
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The plasmid encoding Sudan ebolavirus Δ-peptide-Fc C29→A,C38→A (SEBOV 

ΔC29A,C38A-Fc) was synthesized in vitro by recursive PCR as described in Chapter 

6.2.11 by replacing oligomers sdelpepfc2, sdelpepfc3, and sdelpepfc5 with sdelpepfc2CtoA 

(CCCACCGGCCCGCCCGGCAGCATCCGGACCTGGTTCCAGCGCATCCCGCTCGGCTGGTTCCACGCCACCT),  

sdelpepfc3CtoA (ACCAGAAGGGCAAGCAGCACGCTCGGCTGCGCATCCGCCAGAAGGTGGAGGAAGGCGCGGATCCCGAGGG), and 

sdelpepfc5CtoA (GGATGCGCAGCCGAGCGTGCTGCTTGCCCTTCTGGTAGGTGGCGTGGAACCAGCCGAGCGGGATGCGCTG), 

respectively. 

 

6.2.17 Construction of the Reston-Sudan ebolavirus Δ-peptide chimera 

The plasmid encoding Reston-Sudan chimeric Δ-peptide-Fc (REBOV Δ-peptide N-terminal 

amino-acid residues 1-24 fused to SEBOV Δ-peptide C-terminal amino-acid residues 25-

48) was synthesized by three consecutive polymerase-chain reactions.  

 

In PCR 1, the ORF encoding REBOV Δ-peptide amino-acid residues 1-24 was amplified 

by mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (REBOV Δ-Fc) 

1 µl oligomer chimf (GCCTCAATAAAGCTTCTAGAG) 

1 µl oligomer RSchim1b (GCAGTGGAACCAGCCGAGCGGGATGCGCTGGAAC) 

1 µl cloned pfuTurbo  

 

In PCR 2, the ORF encoding SEBOV Δ-peptide amino-acid residues 25-48 was amplified 

by mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  



   95

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl oligomer RSchim1f (GTTCCAGCGCATCCCGCTCGGCTGGTTCCACTGC) 

1 µl oligomer chimb (CCAGAAGACCCTCTCCCTG) 

1 µl cloned pfuTurbo  

 

Both reactions were performed using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30s 70 °C) [two-step PCR] 

7 min. 72 °C  

 

PCR products 1 (286 bp) and 2 (249 bp), which overlap (grey highlighted complimentary 

oligomers), were each detected by agarose-gel electrophoresis, excised, purified, and 

dissolved in 20 µl TE buffer. 

 

In PCR 3, the ORF encoding the REBOV-SEBOV Δ-peptide chimera was amplified by 

mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

10 µl PCR product 1 

10 µl PCR product 2 

1 µl oligomer chimf 

1 µl oligomer chimb 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30s 70 °C) [two-step PCR] 

7 min. 72 °C 
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The main PCR product (501 bp), containing unique NheI and BamHI restriction 

sites at the 5’ and 3’ ends of the chimera ORF, respectively, was detected by agarose-gel 

electrophoresis, excised, and purified. The product was then digested with NheI and 

BamHI, purified again, ligated into the NheI- and BamHI-digested pCDM8-derived 

expression vector (77), and transformed (RSΔ-Fc). 

 

6.2.18 Construction of the Sudan-Reston ebolavirus Δ-peptide chimera 

The plasmid encoding Sudan-Reston chimeric Δ-peptide-Fc (SEBOV Δ-peptide N-terminal 

amino-acid residues 1-24 fused to REBOV Δ-peptide C-terminal amino-acid residues 25-

42) was synthesized by three consecutive polymerase-chain reactions.  

 

In PCR 1, the ORF encoding SEBOV Δ-peptide amino-acid residues 1-24 was amplified by 

mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl oligomer chimf (Chapter 6.2.17) 

1 µl oligomer SRchim2b (CACTGGAACCACTGCAGCGGGATGCGCTGGAACCAG) 

1 µl cloned pfuTurbo  

 

In PCR 2, the ORF encoding REBOV Δ-peptide amino-acid residues 25-42 was amplified 

by mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (REBOV Δ-Fc) 
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1 µl oligomer SRchim2f (CTGGTTCCAGCGCATCCCGCTGCAGTGGTTCCAGTG) 

1 µl oligomer chimb (Chapter 6.2.17) 

1 µl cloned pfuTurbo  

 

Both reactions were performed using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30s 70 °C) [two-step PCR] 

7 min. 72 °C  

 

PCR products 1 (285 bp) and 2 (234 bp), which overlap (grey highlighted complimentary 

oligomers), were each detected by agarose-gel electrophoresis, excised, and purified and 

dissolved in 20 µl TE buffer. 

 

In PCR 3, the ORF encoding the SEBOV-REBOV Δ-peptide chimera was amplified by 

mixing 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

10 µl PCR product 1 

10 µl PCR product 2 

1 µl oligomer chimf 

1 µl oligomer chimb 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30s 70 °C) [two-step PCR] 

7 min. 72 °C 
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The main PCR product (483 bp), containing unique NheI and BamHI restriction 

sites at the 5’ and 3’ ends of the chimera ORF, respectively, was detected by agarose-gel 

electrophoresis, excised, and purified. The product was then digested with NheI and 

BamHI, purified again, ligated into the NheI- and BamHI-digested pCDM8-derived 

expression vector (77), and transformed (SRΔ-Fc). 

 

6.2.19 Construction of plasmids encoding proteins fused to the Fc region of murine 

IgG2A 

The plasmid encoding SEBOV Δ-peptide fused to the Fc region of murine IgG2A (mFc) was 

synthesized by PCR using the plasmid encoding SEBOV Δ-Fc as template and oligomers 

SEBOVdelta mFcf (TACGCCAAGCTTAGGCCAGAAACCATGCCCATGG) and SEBOVdelta mFcr 

(ACCCTCGGGATCCGCGCCTTCCTC). The forward oligomer was designed to contain a unique 

HinDIII restriction site, shared by the multicloning site of the target vector, followed by a 

Kozak sequence and beginning of the CD5 signal sequence encoded in the template 

plasmid. The reverse oligomer was designed to contain a unique BamHI restriction site, 

shared by the template and target vectors. Reactions were performed after mixing 

 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (SEBOV Δ-Fc) 

1 µl oligomer SEBOVdelta mFcf 

1 µl oligomer SEBOVdelta mFcr 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 

30x (30 s 94 °C, 30 s 70 °C) [two-step PCR] 
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7 min. 72 °C 

 

The main PCR product (264 bp) consisted, in 5’ to 3’ order, of the HinDIII 

restriction site, followed by sequence encoding the CD5 signal sequence (containing the 

unique NheI restriction site described above) and SEBOV Δ-peptide. The fragment ended 

with sequence encoding the N-terminal amino-acid residues of human IgG1 Fc, which are 

identical to the N-terminal amino-acid residues of murine IgG2A Fc, containing the unique 

BamHI restriction site. The fragment was detected by agarose-gel electrophoresis, excised, 

and purified. The product was then digested with HinDIII and BamHI, purified again, 

ligated into the HinDIII- and BamHI-digested, murine IgG2A Fc-encoding vector pCR2.1 

previously created in the laboratory (provided by Hyeryun Choe), and transformed 

(SEBOV Δ-mFc). 

 

6.2.20 Construction and origin of plasmids encoding control proteins 

The plasmid encoding only the Fc region of human IgG1 was created by inverse PCR 

(Figures 6-2 and 6-3) using oligomer mucnegforward (Chapter 6.2.4) and oligomer fc 

(TGCAATGGATCCGCGCCCGCTAGCACGGAAGCGACCAGCAT). Reactions were performed after mixing 
 

x µl water to reach a total volume of 50 µl 

5 µl 10x cloned pfuTurbo buffer 

5 µl 10x dNTP mix  

0.1 µg template plasmid (MARV-Mus 17-432-Fc) 

1 µl oligomer mucnegforward  

1 µl oligomer fc 

1 µl cloned pfuTurbo  

 

using the following cycle conditions: 

3 min. 94 °C 
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30x (30 s 94 °C, 5 min. 70 °C) [two-step PCR] 

7 min. 72 °C 

 

To destroy template (methylated) DNA, the reaction mix was incubated with 2 µl 

DpnI for 2 h at 37 °C. The (unmethylated) PCR product was detected by agarose-gel 

electrophoresis, excised, purified, digested with BamHI, purified again, ligated, and 

transformed. 

The pcDM8-based expression plasmids encoding 1) the severe acute respiratory 

syndrome coronavirus (SARS-CoV) receptor-binding domain (SARS-CoV S protein 

amino-acid residues 318-510), 2) human immunodeficiency virus type 1 strain ADA (HIV-

1ADA) gp120, and 3) Machupo virus (MACV) strain Carvallo receptor-binding domain 

(MACV GPC amino-acid residues 79-258), all fused N-terminally to the signal sequence of 

human CD5 and C-terminally to the Fc region of human IgG1 (SARS-CoV RBD-Fc, HIV-1 

gp120-Fc, MACV GP1Δ-Fc), have been developed in the laboratory and were reported 

previously (55, 219, 304). Likewise, full-length spike proteins of human influenza A virus 

(FLUAV) strain A/FPV/Rostock/34 H7N1, Lassa virus (LASV) strain Josiah, Machupo 

virus (MACV) strain Carvallo, and lymphocytic choriomeningitis virus (LCMV) strain 

Armstrong have been created in the laboratory for the creation of retroviral pseudotypes 

and were reported previously (131, 219).  

 

6.3 Evaluation of expression of filoviral glycoprotein variants and control 

proteins 

Expression of filoviral glycoproteins, mutants thereof, deletion variants or control proteins 

from plasmids was evaluated using transfection followed by radiolabeling/autoradiography. 

For each plasmid, human embryonic kidney (HEK) 293T cells were grown in a 25 cm2 

flask to 40% confluency. Transfection was performed using the calcium-phosphate method. 

Briefly, two polystyrene tubes were prepared containing  
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1) x µl water for a total volume of 250 µl, 10 µg expression plasmid, and 25 µl 2.5 M 

CaCl2 

2) 250 µl 2x HEPES-buffered saline (2x HBS; 80 mM NaCl, 1.5 mM Na2HPO4, 50 

mM HEPES pH 7.1, adjusted to pH 7.5) 

 

The content of tube 1 was added dropwise to that of tube 2, and incubated at room 

temperature for 10 min. to allow for the formation of calcium-phosphate crystals. The 

reaction mix was then added drop-by-drop to the medium and the cells in the tissue-culture 

flask, mixed cautiously, and incubated at 37 °C in a humidified 5% CO2 atmosphere for 6 

h. Transfected cells were then washed twice with warm (37 °C) DPBS and incubated for 

36-48 h at 37 °C in a humidified 5% CO2 atmosphere in 3 ml of L-methionine- and L-

cystine-free DMEM (GIBCO-Invitrogen) containing 10% heat-inactivated (56 °C, 1 h) 

dialyzed FBS (dFBS, GIBCO-Invitrogen), 4 mM L-glutamine (Sigma-Aldrich), and 50 

µCi/ml EasyTag EXPRESS Protein Labeling Mix 35S (PerkinElmer, Waltham, MA, USA). 

In the case of secreted, soluble proteins (filoviral and control Fc fusion proteins), 

media were harvested, cell debris removed by centrifugation and filtration through a 0.22 

µm-pore size filter (Corning, Lowell, MA, USA), and proteins were immunoprecipitated 

under constant rocking with ~10 µl packed protein A-sepharose Fast Flow beads (GE 

Healthcare, Piscataway, NJ, USA) at 4 °C for 16 h in the presence of 1 tablet/50 ml 

Complete Protease Inhibitor (Roche, Mannheim, Germany). Beads were washed twice with 

cold (4 °C) wash buffer 1 (0.5 M NaCl, 1% Nonidet P-40, and 0.1% SDS in PBS) and once 

in cold (4 °C) PBS, and proteins were eluted into denaturing SDS-containing reducing 

PAGE sample buffer (GIBCO-Invitrogen) by boiling in a water bath for 4 min. Proteins 

were evaluated by size on precast 10% Tris-glycine polyacrylamide gels (Invitrogen) with 

Precision Plus Protein Dual Color Standards (BioRad, Hercules, CA, USA). Gels were 

fixed for 20 min. in 50% methanol/10% acetic acid (vol./vol.) at room temperature, dried at 

80 °C for 1 h in a vacuum gel dryer, and exposed to Kodak BioMax film (Sigma-Aldrich) 

at -70 °C for appropriate time spans. Films were developed in the dark using an automated 

system. 
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In the case of membrane-bound proteins (C9-tagged constructs), media were 

discarded, and cells were lysed by exposure to 3 ml of cold (4 °C) 0.3% (weight/vol.) n-

dodecyl-β-D-maltopyranoside (DDM; Anatrace, Maumee, OH, USA) in PBS. Debris 

(membrane fragments) was removed by centrifugation (14,000 x g, 4 °C, 20 min.), and 

proteins were immunoprecipitated under constant rocking with ~0.5 µg of an antibody to 

the C9 tag (1D4, provided by Hyeryun Choe, Harvard Medical School, Boston, MA, USA) 

together with ~10 µl packed protein A-sepharose Fast Flow beads at 4 °C for 16 h in the 

presence of 1 tablet/30 ml Complete Protease Inhibitor. Beads were washed twice with cold 

(4 °C) wash buffer 2 (0.1 M NaCl, and 0.025% SDS in PBS) and once in cold (4 °C) PBS, 

and proteins analyzed as described above.  

 

6.4 Expression of filoviral glycoprotein variants and control proteins 

For large-scale protein purification, human embryonic kidney (HEK) 293T cells were 

transfected with plasmids encoding filoviral or control Fc fusion proteins using the 

calcium-phosphate method. For each plasmid, HEK 293T cells were grown in multiple (20-

40) 175 cm2 flasks to 40% confluency. Transfection was performed by preparing two 

polystyrene tubes per flask containing  

 

1) x µl water for a total volume of 1000 µl, 80 µg expression plasmid, and 100 µl 2.5 

M CaCl2 

2) 1000 µl 2x HBS 

 

The content of tube 1 was added dropwise to that of tube 2, and incubated at room 

temperature for 10 min. to allow for the formation of calcium-phosphate crystals. The 

reaction mix was then added drop-by-drop to the to the medium and the cells in the tissue-

culture flask, mixed cautiously, and incubated at 37 °C in a humidified 5% CO2 atmosphere 

for 6 h. Transfected cells were then washed twice with warm (37 °C) DPBS and incubated 

at 37 °C in a humidified 5% CO2 atmosphere in 293 SFM II medium (GIBCO-Invitrogen) 
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supplemented with PS, 100 µM MEM non-essential amino-acids solution (GIBCO-

Invitrogen), 2 mM sodium butyrate (Sigma-Aldrich), and 4 mM L-glutamine. Media were 

harvested after 36-48 h, and cell debris was removed by centrifugation (3,000 x g, 4 °C, 20 

min.) and sequential filtration through 0.45 and 0.22 µm-pore size filters (Corning). 

Proteins were immunoprecipitated under constant rocking with ~1 ml packed protein A-

sepharose Fast Flow beads at 4 °C for 16 h in the presence of 1 tablet/50 ml Complete 

Protease Inhibitor. Beads were collected in columns, washed once with 30 bed volumes of 

cold (4 °C) 0.5 M NaCl in PBS (NaCl: Fisher Scientific, Fair Lawn, NJ, USA) and washed 

once with 10 bed volumes of cold (4 °C) PBS. Proteins were eluted with cold (4 °C) 50 

mM sodium citrate/50 mM glycine pH 2 (sodium citrate: Fisher Scientific; glycine: BIO-

RAD, Hercules, CA, USA), and neutralized with sodium hydroxide (Fisher Scientific). The 

proteins were dialyzed three times (1.5 h, 1.5 h, 12 h) in cold (4 °C) PBS using commercial 

Slide-A-Lyzer dialysis cassettes (Pierce, Rockford, IL, USA) with the appropriate 

molecular weight cut-off, and concentrated with Centricon centrifugal filter units 

(Millipore, Billerica, MA, USA) with the appropriate molecular weight cut-off. Purified 

proteins were assayed for size and concentration by comparison to BSA standards (Sigma-

Aldrich) by using SDS-PAGE, followed by Bio-Safe Coomassie (BIO-RAD) staining (1 h 

at room temperature) and by destaining in water (overnight at room temperature). 

Estimated protein quantities were confirmed by using the Micro BCA protein assay kit 

(Pierce) according to the manufacturer’s instructions.  

 

6.5 Cell binding assays 

90% confluent adherent cells were detached with PBS/5mM EDTA (GIBCO-Invitrogen) 48 

h after plating, resuspended in an equal volume of PBS/5mM MgCl2 (Sigma-Aldrich), and 

washed twice in cold (4 °C) PBS/2% heat-inactivated (56 °C, 1h) goat serum (Sigma-

Aldrich). Suspension cells were harvested and washed twice in cold (4 °C) PBS/2% goat 

serum. Filoviral Fc fusion constructs or control proteins were added to 3x105 or 5x105 cells 

(experiments described in Chapters 7.1 and 7.2, respectively) to a final concentration of 
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100-200 nM, and incubated on ice for 1-1.5 h. Cells with bound proteins were washed 

twice in cold (4 °C) PBS/2% goat serum, and incubated for 45 min. on ice with a 1:40 

dilution of goat Fc-specific fluorescein isothiocyanate (FITC) conjugated anti-human 

antibody in cold (4 °C) PBS/2% goat serum. Cells were washed three times with cold (4 

°C) PBS/2% goat serum, once in cold (4 °C) PBS, and fixed with PBS/2% formaldehyde 

(Sigma-Aldrich) overnight. Cell-surface binding of constructs was detected by flow 

cytometry with 10,000 events counted per sample using a FACSCalibur flow cytometer 

(BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo software (Tree Star, 

Ashland, OR, USA). Baseline fluorescence was determined by measuring cells treated only 

with goat Fc-specific FITC-conjugate anti-human IgG antibody, which was then subtracted 

from binding values of the tested constructs and control proteins. 

 

6.6 Cell-binding competition assay 

Cell-binding competition assays were performed following the procedures described in 

Chapter 6.5 with the following modifications: for the first incubation step, human IgG1 Fc-

conjugated MARV-Mus 38-188 (MARV-Mus 38-188-Fc) or murine IgG2A Fc-conjugated 

SEBOV Δ (SEBOV Δ-mFc) constructs were added to 3x105 cells to a final concentration of 

200 nM, and incubated on ice for 1-1.5 h. Cells with bound proteins were washed twice in 

cold (4 °C) PBS/2% goat serum. Cells with bound Fc construct were exposed to 800 nM of 

mFc construct or 800 nM BSA, and cells with bound mFc construct were exposed to 800 

nM of Fc construct or 800 nM BSA. Both sets of cells were incubated on ice for 1-1.5 h. 

Cells were washed twice in cold (4 °C) PBS/2% goat serum, and incubated for 45 min. on 

ice with a 1:40 dilution of goat Fc-specific FITC conjugated anti-human Fc (hAb) or anti-

murine Fc (mAb) antibody (Sigma-Aldrich) in cold (4 °C) PBS/2% goat serum. 
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6.7 Transduction assay with pseudotyped gammaretroviruses 

To generate gammaretroviral pseudotypes, human embryonic kidney (HEK) 293T cells 

were transfected by the calcium-phosphate method as described in Chapter 6.3 with 

plasmid encoding 1) influenza A virus (FLUAV) strain A/FPV/Rostock/34 H7N1 

hemagglutinin 7 (HA7) and neuraminidase (NA1) proteins, Lassa virus strain Josiah 

(LASV) GPC protein, lymphocytic choriomeningitis virus strain Armstrong (LCMV) GPC 

protein, Machupo virus strain Carvallo (MACV) GPC protein, MARV-Mus GP1,2 17-681-

C9, vesicular stomatitis Indiana virus (VSIV) G protein (provided by Hyeryun Choe, 

Children’s Hospital, Harvard Medical School, Boston, MA, USA) or mucin-like domain-

deleted ZEBOV-May GP1,2Δ309-489 (described and provided by James Cunningham, Harvard 

Medical School, Boston, MA, USA (52)), together with 2) the pQCXIX vector (BD 

Biosciences) expressing enhanced green fluorescent protein (eGFP) flanked by the MLV 

long terminal repeats (LTRs), and 3) plasmid encoding the Moloney murine leukemia virus 

(MLV) gag/pol genes (192) (Figure 6-4). 

Plasmid quantities used per 75 cm2 tissue-culture flask were: 

1) 3 µg FLUAV HA7, 12 µg FLUAV NA1, 8 µg eGFP, 8 µg gag/pol 

2) 8 µg LASV GPC, 8 µg eGFP, 8 µg gag/pol 

3) 8 µg LCMV GPC, 8 µg eGFP, 8 µg gag/pol 

4) 8 µg MACV GPC, 8 µg eGFP, 8 µg gag/pol 

5) 8 µg MARV-Mus GP1,2 17-681-C9, 8 µg eGFP, 8 µg gag/pol 

6) 0.8 µg VSIV G, 8 µg eGFP, 8 µg gag/pol 

7) 20 µg ZEBOV-May GP1,2Δ309-489, 8 µg eGFP, 8 µg gag/pol 

 Cell supernatants were harvested 36-48 h post transfection, cleared of cellular debris by 

centrifugation (3,000 x g, 4 °C, 20 min.) and filtration through 0.45 µm-pore size filters, 

and stored at 4 °C for short-term storage or aliquoted at -70 °C for long-term storage.  
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Figure 6-4. Production of Moloney murine leukemia virus particles pseudotyped with 
filoviral spike proteins 
Human embryonic kidney (HEK) 293T cells are transfected with plasmids encoding 1) the 
Moloney murine leukemia virus (MLV) capsid proteins gag/pol, 2) enhanced green 
fluorescent protein (eGFP) RNA flanked by the MLV long-terminal repeats (LTR), and 3) a 
functional filoviral spike protein (GP1,2). After expression, MLV gag/pol encapsidates the 
RNA encoding eGFP. The particles become enveloped during budding from the cell 
surface by taking with them part of the cell membrane, which contains the expressed 
filoviral GP1,2. The resulting spherical particles resemble MLV (and not filoviruses) in 
shape, but can only enter cells expressing the filovirus receptor. Subsequent to entry, eGFP 
is expressed and the green fluorescence can be detected by fluorescent microscopy. Further 
transmission of the particles is impossible because the particles do not bring with them the 
genetic material to express further gag/pol or spike proteins. Therefore, these particles can 
be used at biosafety level 2 as a surrogate system for infectious filoviruses, which must be 
handled at biosafety level 4. Pseudotypes carrying nonfiloviral spike proteins can be 
produced in a similar manner. 

 

Supernatants containing pseudotyped viruses were added to permissive cells in the 

presence or absence of the indicated concentrations of filovirus Fc fusion proteins or 



   107

control proteins (Figure 6-5) in 24-well plate wells. After 5 h, cells were washed once in 

warm (37 °C) PBS, and replenished with fresh warm (37 °C) media containing PS and 

haFBS. After 36-48 h, cells were imaged by fluorescent microscopy, and then detached 

with 200 μl trypsin. Cells were washed twice in cold (4 °C) PBS, and fixed with PBS/2% 

formaldehyde overnight. eGFP expression was detected by flow cytometry with 10,000 

events counted per sample. Baseline fluorescence was determined by measuring cells 

exposed to mock control (media), which was then subtracted from measured values of cells 

exposed to pseudotypes.  

 

 

Figure 6-5. Principle of the Moloney murine leukemia pseudotype-inhibition assay 
Filovirus glycoprotein-Fc fusion proteins, fused N-terminally to the signal sequence of 
human CD5 and C-terminally to the Fc region of IgG, are expressed from plasmids by 
transfection of human embryonic kidney (HEK) 293T cells, purified, and quantified. 
Moloney murine leukemia virus (MLV) particles expressing enhanced green-fluorescent 
protein (eGFP) and pseudotyped with filoviral spike proteins compete with Fc fusion 



   108

proteins that bind to the receptor (diminished or abolished eGFP expression), but not with 
those that do not or those that are misfolded (unchanged eGFP expression compared to cells 
exposed only to pseudotypes) 

 

6.8 Infection assay with recombinant infectious Zaire ebolavirus 

All experiments with infectious filovirus were performed under BSL-4 conditions by Dr. 

Sina Bavari’s and Dr. M. Javad Aman’s team members at the United States Army Medical 

Research Institute of Infectious Diseases (USAMRIID), Fort Detrick, Frederick, MD, USA. 

African green monkey kidney epithelial (Vero E6) cells were preincubated with or without 

the indicated concentrations of filoviral Fc or control proteins for 1 h at 4 °C. After removal 

of the media, cells were infected with eGFP-expressing ZEBOV-May created by reverse 

genetics (270). Cells were incubated with virus at a multiplicity of infection (moi) equal to 

1 for 1 h at 37 °C. Virus-containing medium was removed, cells were washed in warm (37 

°C) PBS, and media were replenished. After 48 h, cells were fixed in 10% neutral-buffered 

formalin. After 3 days of fixation, cells were removed from the BSL-4 suite and the percent 

of eGFP-expressing cells was measured with a Discovery-1 automated microscope 

(Molecular Devices Corp., Sunnyvale, CA, USA) by measuring 9 individual spots per well. 

 

6.9 HIV-1 neutralization assay 

The effect of Sudan ebolavirus Δ-peptide on cell entry of human immunodeficiency virus 

type 1 (HIV-1) was measured using a previously described assay (182). Briefly, HIV-1NL4.3 

(obtained from Ronald C. Desrosiers’ laboratory at the New England Primate Research 

Center, Harvard Medical School, Southborough, MA, USA) was incubated with human 

C8166-45 T lymphocytes stably transfected with plasmid encoding a secreted alkaline 

phosphatase (SEAP) reporter gene under the control of a tat-responsive promoter derived 

from HIV-1NL4.3 (C8166-45LTR-SEAP cells). SEAP activity is upregulated upon HIV-

1NL4.3 infection and correlates directly with the amount of input virus. Consequently, to 

measure the effect of SEBOV Δ-Fc on HIV-1 entry, HIV-1NL4.3 – amounting to the 
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equivalent of 2 ng p24 (measured using the Lentivirus p24 ELISA Kit from Cell Biolabs, 

San Diego, CA, USA) – was incubated for 1 h with varying amounts of SEBOV Δ-Fc or 

CD4-Fc control at 37ºC in a humidified 5% CO2 atmosphere in a total volume of 100 μl 

RPMI 1640 media supplemented with 10% ha FBS. Then, 80,000 C8166-45LTR-SEAP 

cells were added to each sample, reaching a total volume of 200 μl per sample. After 72 h 

of incubation at 37ºC in a humidified 5% CO2 atmosphere, infection levels were measured 

by detecting SEAP activity in harvested cell-culture supernatant with the Phospha-Light™ 

SEAP Reporter Gene Assay System (Applied Biosystems, Foster City, CA, USA) and a 

Victor3 V plate reader (Perkin-Elmer, Waltham, MA, USA) according to the instructions of 

the respective manufacturers. 

 

6.10 Cathepsin assay 

1 μg/ml of human cathepsin B, purified from liver (Calbiochem, La Jolla, CA, USA), was 

incubated in 96‐well fluorimeter plates for 20 min. at room temperature in assay buffer (100 

mM sodium acetate (Sigma-Aldrich), 50 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol 

(DTT, Sigma-Aldrich), and 2 μg/ml aprotinin (Sigma-Aldrich)) with either 1% DMSO, 30 

μM cathepsin-B inhibitor CA074 (Sigma-Aldrich), 30 nM ebolaviral Δ-Fc variant, 30 nM 

Fc or assay buffer. Dilutions of Fc proteins were made with assay buffer. After incubation, 

fluorescent substrate Z‐Arg‐Arg‐AMC (Sigma-Aldrich) was added in serial 2‐fold dilutions 

to give final concentrations of substrate from 0-427 μM. Fluorescent signal was determined 

every 3 min. for 1 h on a Fluoroskan Ascent FL plate reader (Thermo Scientific, Waltham, 

MA, USA) using an excitation setting of 485 nm and an emission setting of 538 nm. 

Background signal was determined by adding Z‐Arg‐Arg‐AMC to assay buffer at reaction 

concentrations in the absence of cathepsin B. Background signal was subtracted from the 

appropriate corresponding well. All data points were obtained in duplicate. The mean 

values for V0 (measured in relative fluorescent units (R.F.U.)) were plotted against the 

corresponding concentrations of Z-Arg-Arg-AMC. 
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6.11 Immunization and vaccination protocol 

6.11.1 Animals 

Eight to ten week-old wild-type male and female C57BL/6 house mice (Mus musculus) 

were obtained from the National Cancer Institute (NCI), Frederick Cancer Research and 

Development Center, Fort Detrick, Frederick, MD, USA, and randomly divided into 

treatment groups. The mice were held in microisolator cages and provided autoclaved water 

and chow ad libitum. Research was performed in compliance with the US Animal Welfare 

Act and other federal statutes and regulations relating to animal experimentation, and 

adhered to principles stated in the US National Research Council’s 1996 Guide for the Care 

and Use of Laboratory Animals (Washington, DC, USA). The facilities used for the 

research described in this dissertation are fully accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). 

 

6.11.2 Preparation of immunogen 

MARV-Mus 38-188-Fc and ZEBOV-May 54-201-Fc proteins were produced, purified, and 

quantified as described in Chapter 6.4. 

 

6.11.3 Immunization protocol 

Three groups of 13 mice each were immunized intramuscularly on days 0, 14, and 28 with 

20 μg (60 μg total) of either MARV-Mus 38-188-Fc or ZEBOV-May 54-201-Fc in 200 μl 

RIBI adjuvant (Corixa, Hamilton, MT) or with 200 μl RIBI adjuvant alone.  

 

6.11.4 Determination of antibody titers 

Blood samples were obtained from mice of all three immunization groups on days 14, 28, 

and 42 from the retroorbital sinus under combination anesthesia (ketamine, acepromazine, 

and xylanine) given intramuscularly, and serum was collected and stored at -70 ºC. Levels 
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of ZEBOV-specific antibodies were determined as previously described (123). Briefly, 

ZEBOV-Kik (a ZEBOV isolate obtained in 1995 that is closely related to ZEBOV-May) 

was grown by Dr. Sina Bavari’s and Dr. M Javad Aman’s team members in a BSL-4 

laboratory in African green monkey kidney epithelial (Vero E6) cells, purified through a 

sucrose cushion, and inactivated by γ-irradiation with 107 rad. Wells of a 96-well plate were 

coated with the virus preparation and serial 3-fold dilutions of individual serum samples 

were added to the wells. Antibodies were detected by ELISA using a horseradish 

peroxidase-conjugated secondary antibody (Sigma-Aldrich) and tetramethylbenzidine 

substrate (Sigma-Aldrich) according to the instructions of the manufacturer. Antibody titers 

were defined as the reciprocal of the highest dilution showing a net optical density (OD) 

≥0.2. 

 

6.11.5 Determination of cytotoxic T-lymphocyte responses 

On day 35, three mice of each of the three groups were euthanized using carbon dioxide 

inhalation followed by cervical dislocation, dissected, and splenocytes were collected and 

pooled for the analysis of cytotoxic T-lymphocyte (CTL) responses as previously described 

(302). Briefly, splenocytes were placed in RPMI 1640 medium supplemented with 10% 

haFBS, 2 mM glutamine, 1 mM HEPES (Gibco), and 0.1 mM MEM nonessential amino 

acids. Contaminating erythrocytes were lysed with ACK lysing buffer (Invitrogen), and the 

remaining splenocytes were washed twice in RPMI1640 medium. 2x106 splenocytes were 

then incubated with 1-5 μg overlapping peptides of ZEBOV-May GP1 (15-mers 

overlapping the down- and upstream peptides by five residues; purchased as pin-

synthesized PepSets in DMSO from Mimotopes, Clayton, Victoria, Australia) or with 

phorbol myristate acetate (PMA; 25 ng/ml; Sigma-Aldrich) and ionomycin (1.25 µg/ml; 

Sigma-Aldrich) as a positive control for activation/cytokine secretion in 100 µl of RPMI 

1640 supplemented with 10% haFBS, 2 mM glutamine, 10 µg/ml gentamicin (GIBCO-

Invitrogen), 10 µg/ml of brefeldin A (Epicenter Technologies, Madison, WI, USA), 5 mM 

HEPES, and 0.05 mM β-mercaptoethanol (GIBCO-Invitrogen) for 5 h at 37ºC in a 
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humidified 5% CO2 atmosphere. Splenocytes were blocked with a monoclonal antibody to 

the FcRIII/II receptor (CD16/32, BD Biosciences) and stained with anti-CD44 FITC and 

either anti-CD8 or anti-CD4 Cy-Chrome (Pharmingen, San Diego, CA, USA) in staining 

wash buffer (PBS, 2% FBS, 0.01% sodium azide (Sigma-Aldrich)), with brefeldin A (10 

µg/ml). The cells were fixed in 1% formaldehyde (Ted Pella, Redding, CA, USA) made 

permeable with staining wash buffer containing 0.5% saponin (Sigma-Aldrich), and stained 

with anti-IFN-phycoerythrin (Pharmingen, San Diego, CA, USA). Data were acquired by 

flow cytometry using a FACSCalibur flow cytometer and analyzed with FlowJo software. 

Samples were considered positive if the percentage of CD8+-, CD44+-, IFN+-cells was 

greater than 2-fold above background. Background was determined by staining a sample 

without any peptides, but with an equivalent amount of DMSO. 

 

6.11.6 Viral challenge 

On day 56, mice were challenged by intraperitoneal injection with 1,000 pfu (~30,000 

LD50) of mouse-adapted ZEBOV-May diluted in PBS (33). Mice were observed at least 

twice daily for clinical symptoms, such as reduced grooming, ruffled fur, hunched posture, 

subdued response to stimulation, nasal discharge or bleeding, for a total period of 28 days. 



7 RESULTS 

7.1 Filoviruses attach to a common cell-surface receptor  

7.1.1 Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-188-Fc 

binds to filovirus-permissive cells more efficiently than full-length GP1  

The ectodomains of spike proteins of some enveloped viruses, such as severe acute 

respiratory syndrome coronavirus (SARS-CoV), include discrete, independently folded 

domains that bind viral cell-surface receptors as efficiently as, or even more efficiently 

than, their full-length ectodomains (304). One goal of the research described in this 

dissertation was to evaluate whether the Lake Victoria marburgvirus (MARV) spike-protein 

ectodomain GP1 also contains such a distinct similar receptor-binding region (RBR), and if 

so, whether this RBR binds with higher efficiency to the still unidentified MARV receptor 

as compared to full-length GP1. To determine the location of the MARV GP1 RBR, a 

codon-optimized gene was synthesized in vitro that encodes the full-length mature GP1 

protein of the type isolate of MARV, Musoke (MARV-Mus), fused to the Fc region of 

human immunoglobulin G1 at the C-terminus (17-432-Fc). Four sets of seven truncation 

variants were created, starting at N-terminal residues 17, 38, 61 or 87, and ending at C-

terminal residues 432, 308, 265, 230, 188, 167 or 134 (Figure 7-1). All 28 constructs 

expressed sufficiently in human embryonic kidney (HEK) 293T cells as Fc-fusion proteins 

(Figure 7-2), and were purified and quantified.  
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Figure 7-1. Lake Victoria marburgvirus isolate Musoke GP1 and GP1 truncation 
variants 
Representation of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1 
truncation variants in relation to the full-length MARV-Mus GP1,2 envelope spike protein ( 
amino-acid residues 1-681). SP, signal peptide; MLD, mucin-like domain; TM, 
transmembrane domain. Cysteine residues (-SH), predicted or experimentally confirmed 
disulfide bonds (-S-S-), potential N-glycosylation sites (blue Ys), and the furin cleavage site 
(arrow) (141, 278) are indicated 
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Figure 7-2. Expression of Lake Victoria marburgvirus isolate Musoke GP1 and GP1 
truncation variants 

Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1-Fc, containing GP1 residues 
17-432 fused to the Fc region of human IgG1 (17-432-Fc), truncation variants of 17-432-Fc 
containing the indicated GP1 residues or control proteins severe acute respiratory syndrome 
coronavirus (SARS-CoV) RBD-Fc and human immunodeficiency virus type 1 (HIV-1) 
gp120-Fc were purified from supernatants of transfected human embryonic kidney (HEK) 
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293T cells. 17-432-Fc, truncation variants, and control proteins were quantified, normalized 
for expression, and visualized by Coomassie staining 

 

Equivalent concentrations of each truncation variant (100 nM) were incubated with 

filovirus-permissive African green monkey kidney epithelial (Vero E6) and HEK 293T 

cells, and with filovirus-resistant human acute T-cell leukemia Jurkat E6-1 lymphocytes 

(51). Cell-surface association of each variant was determined by flow cytometry. The 

receptor-binding domain (RBD) of the SARS-CoV S protein (residues 318-510) and human 

immunodeficiency virus type 1 (HIV-1) gp120, expressed as Fc-fusion proteins (SARS-

CoV RBD-Fc, HIV-1 gp120-Fc), were used as controls (55, 304). As previously reported, 

SARS-CoV RBD-Fc efficiently bound SARS-CoV-permissive Vero E6 cells, which 

naturally express the SARS-CoV receptor, angiotensin-converting enzyme 2 (ACE2) (167). 

Moreover, SARS-CoV RBD-Fc did not bind to HEK 293T cells or Jurkat E6-1 

lymphocytes, which express only minute amounts of ACE2, if any (167). Also expectedly, 

HIV-1 gp120-Fc bound Jurkat E6-1 lymphocytes, which naturally express the principle 

HIV-1 receptor CD4, but not to Vero E6 or HEK 293T cells, which do not (61, 154). All 28 

MARV-Mus GP1 truncation variants bound to Vero E6 and HEK 293T cells with varying 

efficiencies (Figures 7-3 and 7-4), whereas little or no association was observed with Jurkat 

E6-1 lymphocytes in most cases (Figure 7-5). Successive truncation of the C-termini of 

MARV-Mus GP1 variants initiated with residues 17, 38, 61 or 87 led to successively 

increased cell-surface binding to Vero E6 cells, up through the C-terminal truncation at 

residue 188 (Figure 7-3). Further truncation beyond residue 188 decreased cell association. 

A single exception to this trend was observed with variant 87-432-Fc, which bound Vero 

E6 cells with higher affinity than 87-308-Fc and 87-265-Fc. In general, variants initiated 

with residues 38, 61, and 87 bound more efficiently than those initiated with residues 17, 

with MARV-Mus 38-188-Fc consistently binding most efficiently to Vero E6 and 293T 

cells (Figures 7-3 and 7-4). These data identify a cell surface-binding region of MARV-

Mus GP1, located between residues 38 and 188. 
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Figure 7-3. Binding of Lake Victoria marburgvirus isolate Musoke GP1-Fc (17-432-
Fc) and GP1-Fc truncation variants to the surface of filovirus-permissive nonhuman 
primate cells 
100 nM of the indicated Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-permissive African 
green monkey kidney epithelial (Vero E6) cells. Fc-construct binding to the cell surface 
was analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 
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Figure 7-4. Binding of Lake Victoria marburgvirus isolate Musoke GP1-Fc (17-432-
Fc) and GP1-Fc truncation variants to the surface of filovirus-permissive human cells 
100 nM of the indicated Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-permissive human 
embryonic kidney (HEK) 293T cells. Fc construct binding to the cell surface was analyzed 
by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated secondary 
antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more 
experiments. Error bars indicate standard deviations. Similar results were also obtained 
with filovirus-permissive human cervical adenocarcinoma epithelial-like (HeLa) cells (data 
not shown) 
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Figure 7-5. Binding of Lake Victoria marburgvirus isolate Musoke GP1-Fc (17-432-
Fc) and GP1-Fc truncation variants to the surface of filovirus-resistant human cells 
100 nM of the indicated Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-resistant human acute 
T-cell leukemia Jurkat E6-1 lymphocytes. Fc construct binding to the cell surface was 
analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations. Similar results were also 
obtained with filovirus-resistant human MT-4 and SupT1 lymphocytes (data not shown) 

 

7.1.2 Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc binds to 

filovirus-permissive cells more efficiently than mucin-like domain-deleted GP1  

Another goal of the research described in this dissertation was to evaluate whether the Zaire 

ebolavirus spike-protein ectodomain GP1 contains a cell-binding region comparable to that 



   120

identified for MARV-Mus. To determine the location of the Zaire ebolavirus isolate 

Mayinga (ZEBOV-May) GP1 cell-binding region, a codon-optimized gene was synthesized 

in vitro that encodes the mature ZEBOV GP1 protein, lacking its mucin-like domain 

(residues 309-497) that has been determined as unnecessary for ZEBOV cell entry (141, 

173, 183, 315), and fused to the IgG1 Fc region (33-308-Fc). Three sets of four truncation 

variants, starting at N-terminal residues 33, 54 or 76, and ending at C-terminal residues 

308, 201, 172 or 156, were created (Figure 7-6). Variant 76-172-Fc, as well as five 

additionally created variants (33-267-Fc, 33-237-Fc, 78-308-Fc, 100-308-Fc, and 149-308-

Fc), could not be expressed in sufficient quantities for follow-up experiments. All other 

truncation variants expressed sufficiently (Figure 7-7). 

 

 

Figure 7-6. Zaire ebolavirus isolate Mayinga GP1 and GP1 truncation variants 

Representation of Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1 truncation variants 
in relation to the full-length ZEBOV-May GP1,2 envelope spike protein ( amino-acid 
residues 1-676). SP, signal peptide; MLD, mucin-like domain; TM, transmembrane 
domain. Cysteine residues (-SH), predicted or experimentally confirmed disulfide bonds (-
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S-S-), potential N-glycosylation sites (blue Ys), and the furin cleavage site (141, 278) are 
indicated. Truncation variants 76-172-Fc, 33-276-Fc, 33-237-Fc, 78-308-Fc, 100-308-Fc, 
and 149-308-Fc did not express to sufficient levels for further experiments and therefore 
are not illustrated in this figure 

 

 

 

Figure 7-7. Expression of Zaire ebolavirus isolate Mayinga GP1 and GP1 truncation 
variants 
Mucin-like domain-deleted Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1-Fc, 
containing GP1 residues 33-308 fused to the Fc region of human IgG1 (33-308-Fc) or 
truncation variants of 33-308-Fc containing the indicated GP1 residues were purified from 
supernatants of transfected human embryonic kidney (HEK) 293T cells. 33-308-Fc and 
truncation variants were quantified, normalized for expression, and visualized by 
Coomassie staining 

 

As with the MARV-Mus GP1 truncation variants, equivalent concentrations of each 

ZEBOV GP1 truncation variant (100 nM) were incubated with filovirus-permissive Vero 

E6 and HEK 293T cells, and with filovirus-resistant Jurkat E6-1 lymphocytes (51), and cell 

association was assayed by flow cytometry. All eleven expressed ZEBOV-May GP1 
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variants bound to Vero E6 (Figure 7-8) and HEK 293T cells (Figure 7-9), whereas binding 

to Jurkat E6-1 lymphocytes was negligible in all cases (Figure 7-10). The ZEBOV-May 

GP1 truncation variants showed a pattern of association to Vero E6 and HEK 293T cells 

similar to that observed with MARV-Mus GP1 variants. In particular, ZEBOV-May 54-

201-Fc and 76-201-Fc bound filovirus-permissive cells more efficiently than all other 

ZEBOV-May GP1 variants assayed, with 54-201-Fc binding slightly but consistently better 

than 76-201-Fc. These data identify a cell-binding region of ZEBOV-May, located between 

GP1 residues 54 and 201. 

 

 

Figure 7-8. Binding of Zaire ebolavirus isolate Mayinga mucin-like domain-deleted 
GP1-Fc (33-308-Fc) and GP1-Fc truncation variants to the surface of filovirus-
permissive nonhuman primate cells 
100 nM of the indicated Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-permissive African 
green monkey kidney epithelial (Vero E6) cells. Fc construct binding to the cell surface 
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was analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 

 

 

 

Figure 7-9. Binding of Zaire ebolavirus isolate Mayinga mucin-like domain-deleted 
GP1-Fc (33-308-Fc) and GP1-Fc truncation variants to the surface of filovirus-
permissive human cells 

100 nM of the indicated Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-permissive human 
embryonic kidney (HEK) 293T cells. Fc construct binding to the cell surface was analyzed 
by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated secondary 
antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more 
experiments. Error bars indicate standard deviations. Similar results were also obtained 
with filovirus permissive human cervical adenocarcinoma epithelial-like (HeLa) cells (data 
not shown) 
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Figure 7-10. Binding of Zaire ebolavirus isolate Mayinga mucin-like domain-deleted 
GP1-Fc (33-308-Fc) and GP1-Fc truncation variants to the surface of filovirus-
resistant human cells 
100 nM of the indicated Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1-Fc 
constructs and control proteins were incubated on ice with filovirus-resistant human acute 
T-cell leukemia Jurkat E6-1 lymphocytes. Fc construct binding to the cell surface was 
analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations. Similar results were also 
obtained with filovirus-resistant human MT-4 and SupT1 lymphocytes (data not shown) 
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7.1.3 Lake Victoria marburgvirus isolate Angola and Musoke GP1 truncation 

variants bind to filovirus-permissive cells with comparable efficiency 

The largest and most severe MARV disease outbreak to date occurred in Angola in early 

2005 (129, 135, 311, 313). Studies revealed that the MARV Angola isolate (MARV-Ang) 

is more virulent than the Musoke isolate (MARV-Mus) in nonhuman primate models (99), 

but the molecular basis for this observation remains unclear. The spike-protein amino-acid 

sequence of the MARV-Ang isolate is very similar to that of the MARV-Mus isolate (269). 

In particular, a comparison between the MARV-Mus GP1 cell-binding region (residues 38-

188) with the corresponding region of MARV-Ang yielded only one amino-acid change, at 

position 74 (T74→A). Using site-directed mutagenesis, plasmids encoding MARV-Mus 38-

188-Fc, 38-167-Fc, 61-188-Fc, and 61-167-Fc were altered to express the corresponding 

Angola proteins (MARV-Ang 38-188-Fc, 38-167-Fc, 61-188-Fc, and 61-167-Fc; Figure 7-

11). Cell association of each of these variants was compared with those of MARV-Mus in 

assays similar to those described above. Each MARV-Ang variant bound Vero E6 cells 

slightly less efficiently than its MARV-Mus counterpart (Figure 7-12). These data exclude 

the possibility that more efficient cellular association of the MARV-Ang cell-binding 

region contributes to increased severity of disease. 
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Figure 7-11. Expression of Lake Victoria marburgvirus isolate Musoke and isolate 
Angola GP1-Fc truncation variants 
Lake Victoria marburgvirus isolate Angola (MARV-Ang) GP1-Fc truncation variants, 
differing from corresponding isolate Musoke (MARV-Mus) GP1-Fc truncation variants at 
residue 74 (threonine for MARV-Mus; alanine for MARV-Ang), were quantified, 
normalized for expression, and visualized by Coomassie staining 
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Figure 7-12. Comparison of the cell surface-binding affinities of Lake Victoria 
marburgvirus isolate Musoke and isolate Angola GP1-Fc truncation variants 

100 nM of the indicated Lake Victoria marburgvirus isolate Musoke (MARV-Mus) and 
isolate Angola (MARV-Ang) GP1-Fc constructs were incubated with filovirus-permissive 
African green monkey kidney epithelial (Vero E6) cells and analyzed by flow cytometry 
using an Fc-specific fluorescein isothiocyanate-conjugated secondary antibody. Bars 
indicate mean fluorescence intensity (M.F.I.) averages of two or more experiments. Error 
bars indicate standard deviations 
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7.1.4 Both Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-

188-Fc and Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc 

specifically inhibit entry of gammaretroviruses pseudotyped with functional spike 

proteins of either filovirus 

The ability of the MARV-Mus 38-188-Fc and ZEBOV-May 54-201-Fc proteins to inhibit 

entry of pseudotyped gammaretrovirus particles was assayed to determine if the identified 

GP1 cell-binding regions of MARV-Mus (Chapter 7.1.1) and ZEBOV-May (Chapter 7.1.2) 

associate specifically with cell-surface factors necessary for infection. A Moloney murine 

leukemia virus (MLV) vector expressing enhanced green fluorescent protein (eGFP) (192) 

was pseudotyped with GP1,2 of MARV-Mus (MARV/MLV), with mucin-like domain-

deleted GP1,2Δ309-489 of ZEBOV-May (ZEBOV/MLV) or with the G protein of vesicular 

stomatitis Indiana virus (VSIV/MLV control). Vero E6 cells, which are permissive to 

infection with MARV (unknown receptor), ZEBOV (unknown receptor), and VSIV (cell-

membrane lipid receptor) were incubated with varying concentrations of MARV-Mus 38-

188-Fc (unknown cell-surface binding partner), ZEBOV-May 54-201-Fc (unknown cell-

surface binding partner) or SARS-CoV RBD-Fc control (binds to angiotensin-converting 

enzyme 2, ACE2) and the different pseudotyped gammaretrovirus particles. As expected, 

no Fc fusion protein inhibited VSIV/MLV cell entry (Figure 7-15). However, both MARV-

Mus 38-188-Fc and ZEBOV-May 54-201-Fc efficiently inhibited both MARV/MLV 

(Figure 7-13) and ZEBOV/MLV cell entry (Figure 7-14) in a dose-dependent manner. Also 

as expected, SARS-CoV RBD-Fc did not inhibit infection of either pseudotyped virus 

(Figures 7-13, 7-14, and 7-15), thereby excluding a role of ACE2 in filovirus cell entry. 

MARV-Mus 38-188-Fc was the more potent of the two cell-binding regions, inhibiting 

MARV/MLV and ZEBOV/MLV with an apparent 50% inhibitory concentration (IC50) of 

~40 nM and ~120 nM in this assay, respectively (Figures 7-13 and 7-14). These data 

indicate that MARV-Mus 38-188-Fc and ZEBOV-May 54-201-Fc bind specifically to a 

common cell-surface factor critical to filovirus entry. Accordingly, and by analogy with 
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other viral entry proteins, these cell-binding regions of MARV-Mus and ZEBOV-May GP1 

can be referred to as receptor-binding regions (RBRs). 

 

 

Figure 7-13. Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-
188-Fc and Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc inhibit 
Lake Victoria marburgvirus isolate Musoke GP1,2-mediated entry of 
gammaretrovirus particles 
The indicated concentrations of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) 
GP1 truncation variant 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1 
truncation variant 54-201-Fc, and severe acute respiratory syndrome coronavirus (SARS-
CoV) RBD-Fc protein were incubated with filovirus-permissive African green monkey 
kidney epithelial (Vero E6) cells together with enhanced green fluorescent protein-
expressing Moloney murine leukemia virus (MLV) particles pseudotyped with MARV-
Mus GP1,2. Entry of pseudotyped MLV was quantified by measuring green fluorescence 
using flow cytometry. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 
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Figure 7-14. Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-
188-Fc and Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc inhibit 
Zaire ebolavirus isolate Mayinga GP1,2Δ309-489-mediated entry of gammaretrovirus 
particles 
The indicated concentrations of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) 
GP1 truncation variant 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1 
truncation variant 54-201-Fc, and severe acute respiratory syndrome coronavirus (SARS-
CoV) RBD-Fc protein were incubated with filovirus-permissive African green monkey 
kidney epithelial (Vero E6) cells together with enhanced green fluorescent protein-
expressing Moloney murine leukemia virus (MLV) particles pseudotyped with ZEBOV-
May GP1,2Δ309-489. Entry of pseudotyped MLV was quantified by measuring green 
fluorescence using flow cytometry. Bars indicate mean fluorescence intensity (M.F.I.) 
averages of two or more experiments. Error bars indicate standard deviations 
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Figure 7-15. Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-
188-Fc and Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc do not 
inhibit vesicular stomatitis Indiana virus G-mediated entry of gammaretrovirus 
particles 
The indicated concentrations of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) 
GP1 truncation variant 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1 
truncation variant 54-201-Fc, and severe acute respiratory coronavirus (SARS-CoV) RBD-
Fc protein were incubated with filovirus-permissive African green monkey kidney 
epithelial (Vero E6) cells together with enhanced green fluorescent protein-expressing 
Moloney murine leukemia virus (MLV) particles pseudotyped with vesicular stomatitis 
Indiana virus (VSIV) G. Entry of pseudotyped MLV was quantified by measuring green 
fluorescence using flow cytometry. Bars indicate mean fluorescence intensity (M.F.I.) 
averages of two or more experiments. Error bars indicate standard deviations 
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7.1.5 Both Lake Victoria marburgvirus isolate Musoke and isolate Angola 38-188 Fc 

inhibit entry of gammaretrovirus particles pseudotyped with Lake Victoria 

marburgvirus isolate Musoke GP1,2 more efficiently than other GP1 truncation 

variants 

One question arising from the results described above was whether the cell-binding 

efficiency of MARV-Mus and MARV-Ang GP1 truncation variants correlated with their 

ability to inhibit entry of pseudotyped gammaretrovirus particles. Vero E6 cells were 

incubated with the GP1-Fc truncation variants and with MARV/MLV or VSIV/MLV. None 

of the GP1-Fc truncation variants inhibited VSIV/MLV cell entry, whereas most of the 

MARV-Mus GP1 variants assayed inhibited cell entry of MARV/MLV, albeit to different 

degrees (Figure 7-16). In some cases, there was no correlation between entry inhibition and 

cell-binding. Notably, full-length MARV-Mus GP1 (17-432-Fc) inhibited MARV/MLV 

entry as efficiently as the defined receptor-binding regions of MARV-Mus and MARV-

Ang (38-188-Fc), although almost no cell surface-binding of 17-432-Fc was observed 

(Figures 7-3 and 7-4). Apart from this interesting exception, the MARV-Mus RBR-Fc 

inhibited entry more efficiently than any other GP1 variant assayed. Importantly, the 

MARV-Ang and MARV-Mus RBR-Fcs inhibited transduction to comparable levels. 

Together, these data show that variants of the MARV-Mus RBR that are slightly longer or 

shorter inhibit MARV/MLV less efficiently, consistent with their relatively lower affinity 

for filovirus-permissive cell lines. 
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Figure 7-16. Comparison of the inhibitory effects of Lake Victoria marburgvirus 
isolate Musoke and Angola GP1-Fc truncation variants on cell-entry of 
gammaretrovirus particles pseudotyped with Lake Victoria marburgvirus isolate 
Musoke GP1,2  

100 nM of the indicated Lake Victoria marburgvirus isolate Musoke (MARV-Mus) or 
isolate Angola (MARV-Ang) GP1-Fc truncation variants or severe acute respiratory 
syndrome coronavirus (SARS-CoV) RBD-Fc were incubated with filovirus-permissive 
African green monkey kidney epithelial (Vero E6) cells together with enhanced green 
fluorescent protein-expressing Moloney murine leukemia virus (MLV) particles 
pseudotyped with MARV-Mus GP1,2 or VSIV G. Entry of pseudotyped MLV was 
quantified by measuring green fluorescence using flow cytometry. Bars indicate mean 
fluorescence intensity (M.F.I.) averages of two or more experiments. Error bars indicate 
standard deviations 
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7.1.6 Lake Victoria marburgvirus isolate Musoke 38-188-Fc and Zaire ebolavirus 

isolate Mayinga 54-201-Fc inhibit the replication of infectious Zaire ebolavirus 

To determine whether the identified MARV and ZEBOV RBR-Fc proteins also inhibit 

infectious filoviruses, Vero E6 cells were preincubated with MARV-Mus 38-188-Fc, 

ZEBOV-May 54-201-Fc or SARS-CoV RBD-Fc. After washing, cells were infected with 

infectious Zaire ebolavirus isolate Mayinga, modified to express eGFP (270), at a 

multiplicity of infection (moi) of 1. Viral replication, measured as percentage of infected 

cells, was specifically inhibited by both filovirus RBRs, but not by SARS-CoV RBD-Fc 

(Figure 7-17). As observed with pseudotyped gammaretrovirus particles, MARV-Mus 38-

188-Fc inhibited infectious ZEBOV-May more efficiently than ZEBOV-May 54-201-Fc. 

Similar inhibition of ZEBOV-May replication was observed in primary monocyte-derived 

human dendritic cells treated with ZEBOV-May 54-201-Fc or MARV-Mus 38-188-Fc 

(experiment performed by Sina Bavari’s and M. Javad Aman’s teams, data not shown). The 

efficiency with which MARV-Mus 38-188-Fc inhibited ZEBOV-May replication is 

consistent with the utilization of a common entry factor by marburgviruses and 

ebolaviruses. 
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Figure 7-17. Lake Victoria marburgvirus isolate Musoke GP1 truncation variant 38-
188-Fc and Zaire ebolavirus isolate Mayinga GP1 truncation variant 54-201-Fc inhibit 
replication of infectious Zaire ebolavirus isolate Mayinga 
800 nM of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1 truncation 
variant 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) GP1 truncation variant 
54-201-Fc or severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc were 
incubated with recombinant, enhanced green fluorescent protein-expressing Zaire 
ebolavirus isolate Mayinga. Infection was quantified by measuring green fluorescence 
using Discovery-1 automated microscopy. Bars indicate percentage of infected cells, 
averaged over three experiments. Error bars indicate standard deviations 

 

7.1.7 All filoviruses use a common cell-entry factor 

The results above suggested that all filoviruses may use a common-cell entry factor. To test 

this hypothesis, open reading frames were cloned that encode Côte d’Ivoire ebolavirus 

isolate Côte d’Ivoire, Reston ebolavirus isolate Pennsylvania, and Sudan ebolavirus isolate 

Gulu GP1 residues analogous to ZEBOV-May GP1 residues 54-201-Fc (CIEBOV-CI 54-
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201-Fc, REBOV-Pen 55-202-Fc, and SEBOV-Gul 54-201-Fc). The constructs were 

expressed and purified from mammalian cells (Figure 7-18).  

 

 

Figure 7-18. Expression of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 54-201-Fc, 
Reston ebolavirus isolate Pennsylvania 55-202-Fc, and Sudan ebolavirus isolate Gulu 
54-201-Fc 
Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston ebolavirus 
isolate Pennsylvania (REBOV-Pen) 55-202-Fc, Sudan ebolavirus isolate Gulu (SEBOV-
Gul) 54-201-Fc, and control proteins Fc and Machupo virus (MACV) GP1Δ-Fc were 
purified from supernatants of transfected human embryonic kidney (HEK) 293T cells, 
quantified, normalized for expression, and visualized by Coomassie staining 

 

Equivalent concentrations of each protein (100 nM) were incubated with Vero E6 

cells, HeLa cells or Jurkat E6-1 lymphocytes, and cell-surface association of each protein 

was determined by flow cytometry (Figures 7-19, 7-20, and 7-21). SARS-CoV RBD-Fc 

and HIV-1 gp120-Fc, described in Chapter 7.1.1, as well as Fc alone, the Machupo virus 
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RBD (MACV GP1Δ-Fc) (219), MARV-Mus 38-188-Fc, and ZEBOV-May 54-201-Fc were 

used as controls. SARS-CoV RBD-Fc, HIV-1 gp120-Fc, MARV-Mus 38-188-Fc, and 

ZEBOV-May 54-201-Fc behaved as expected (Figures 7-19, 7-20, and 7-21). Fc did not 

bind to either cell type (Figures 7-19, 7-20, and 7-21). MACV GP1Δ-Fc bound to Vero E6 

and HeLa cells (Figures 7-19 and 7-20), which express the MACV receptor, transferrin 

receptor 1 (TfR1), but not to Jurkat E6-1 lymphocytes, which do not (219) (Figure 7-21). 

CIEBOV-CI 54-201-Fc, REBOV-Pen 55-202-Fc, and SEBOV-Gul 54-201-Fc did not bind 

to filovirus-resistant cells (Figure 7-21), but all bound to filovirus-permissive Vero E6 and 

HeLa cells (Figures 7-19 and 7-20). REBOV 55-202-Fc bound these cells with higher 

affinity than CIEBOV-CI and SEBOV-Gul, yet all three Fc fusion proteins bound less 

efficiently than ZEBOV-May 54-201-Fc. 
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Figure 7-19. Binding of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 54-201-Fc, 
Reston ebolavirus isolate Pennsylvania 55-202-Fc, and Sudan ebolavirus isolate Gulu 
54-201-Fc to the surface of filovirus-permissive nonhuman primate cells 
100 nM of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston 
ebolavirus isolate Pennsylvania (REBOV-Pen) 55-202-Fc or Sudan ebolavirus isolate Gulu 
(SEBOV-Gul) 54-201-Fc, and control proteins Fc, Lake Victoria marburgvirus isolate 
Musoke (MARV-Mus) 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-
201-Fc, severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc or Machupo virus (MACV) GP1Δ-Fc 
were incubated with filovirus-permissive African green monkey kidney epithelial (Vero 
E6) cells and analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-
conjugated secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages 
of two or more experiments. Error bars indicate standard deviations 
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Figure 7-20. Binding of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 54-201-Fc, 
Reston ebolavirus isolate Pennsylvania 55-202-Fc, and Sudan ebolavirus isolate Gulu 
54-201-Fc to the surface of filovirus-permissive human cells 
100 nM of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston 
ebolavirus isolate Pennsylvania (REBOV-Pen) 55-202-Fc or Sudan ebolavirus isolate Gulu 
(SEBOV-Gul) 54-201-Fc, and control proteins Fc, Lake Victoria marburgvirus isolate 
Musoke (MARV-Mus) 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-
201-Fc, severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc or Machupo virus (MACV) GP1Δ-Fc 
were incubated with filovirus-permissive cervical adenocarcinoma epithelial-like (HeLa) 
cells at a concentration of 100 nM, and analyzed by flow cytometry using an Fc-specific 
fluorescein isothiocyanate-conjugated secondary antibody. Bars indicate mean fluorescence 
intensity (M.F.I.) averages of two or more experiments. Error bars indicate standard 
deviations 
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Figure 7-21. Binding of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 54-201-Fc, 
Reston ebolavirus isolate Pennsylvania 55-202-Fc, and Sudan ebolavirus isolate Gulu 
54-201-Fc to the surface of filovirus-resistant human cells 
100 nM of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston 
ebolavirus isolate Pennsylvania (REBOV-Pen) 55-202-Fc or Sudan ebolavirus isolate Gulu 
(SEBOV-Gul) 54-201-Fc, and control proteins Fc, Lake Victoria marburgvirus isolate 
Musoke (MARV-Mus) 38-188-Fc, Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-
201-Fc, severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc or Machupo virus (MACV) GP1Δ-Fc 
were incubated with filovirus-resistant human acute T-cell leukemia Jurkat E6-1 
lymphocytes at a concentration of 100 nM, and analyzed by flow cytometry using an Fc-
specific fluorescein isothiocyanate-conjugated secondary antibody. Bars indicate mean 
fluorescence intensity (M.F.I.) averages of two or more experiments. Error bars indicate 
standard deviations 

 

Next, Vero E6 cells were incubated with CIEBOV-CI 54-201-Fc, REBOV-Pen 55-

202-Fc, SEBOV-Gul 54-201-Fc or controls and with MARV/MLV. All three filoviral 

proteins inhibited cell transduction by MARV/MLV (Figure 7-22). Interestingly, CIEBOV-

CI 54-201-Fc and REBOV-Pen 55-202-Fc inhibited transduction as efficiently as MARV-
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Mus 38-188-Fc, whereas SEBOV-Gul 54-201-Fc was the least efficient inhibitor. Together, 

these data indicate that all filoviruses can utilize at least one common cell-entry factor. 

 

 
Figure 7-22. Côte d’Ivoire ebolavirus isolate Côte d’Ivoire 54-201-Fc, Reston 
ebolavirus isolate Pennsylvania 55-202-Fc, and Sudan ebolavirus isolate Gulu 54-201-
Fc inhibit cell-entry of gammaretrovirus particles pseudotyped with Lake Victoria 
marburgvirus isolate Musoke GP1,2 
200 nM of Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston 
ebolavirus isolate Pennsylvania (REBOV-Pen) 55-202-Fc or Sudan ebolavirus isolate Gulu 
(SEBOV-Gul) 54-201-Fc, and control proteins Fc, Lake Victoria marburgvirus isolate 
Musoke (MARV-Mus) 38-188-Fc or Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-
201-Fc were incubated with filovirus-permissive African green monkey kidney epithelial 
(Vero E6) cells together with enhanced green fluorescent protein-expressing Moloney 
murine leukemia virus (MLV) particles pseudotyped with MARV-Mus GP1,2. Entry of 
pseudotyped MLV was quantified by measuring green fluorescence using flow cytometry. 
Bars are normalized to show relative cell entry percentages compared to mock-inhibited 
control (defined as 100%) and indicate averages of two or more experiments. Error bars 
indicate standard deviations 



7.2 Identification of ebolaviral Δ-peptides as potent filovirus cell-entry 

modulators 

7.2.1 Zaire ebolavirus Δ-peptide-Fc, but not secreted glycoprotein or secondary 

secreted glycoprotein, binds to filovirus-permissive cells 

The ebolaviral GP gene encodes two additional glycoproteins next to the spike protein 

GP1,2, secreted glycoprotein (sGP) and secondary secreted glycoprotein (ssGP), which are 

produced by cotranscriptional editing (237, 279). In the case of Zaire ebolavirus (ZEBOV), 

GP1, sGP, and ssGP contain an identical N-terminus of 295 amino-acid residues (see 

Chapter 5.2). The identified ZEBOV receptor-binding region (RBR) is located between 

residues 54 and 201 (Chapter 7.1), which suggests that all three proteins may contain a 

functional RBR. To evaluate this hypothesis, codon-optimized genes were synthesized in 

vitro that encode the full-length mature Zaire ebolavirus isolate Mayinga (ZEBOV-May) 

sGP or ssGP, fused to the Fc region of human immunoglobulin G1 at the C-terminus (sGP-

Fc, ssGP-Fc). As a control, a gene encoding ZEBOV-May Δ-peptide, a C-terminal 

proteolytic cleavage product of sGP that is generated during sGP maturation (287) (see also 

Chapter 5.2.1), was synthesized in a similar manner (Δ-Fc). The three constructs expressed 

efficiently in human embryonic kidney (HEK) 293T cells as Fc-fusion proteins (Figure 7-

23), and were purified and quantified.  
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Figure 7-23. Expression of Zaire ebolavirus isolate Mayinga secreted glycoprotein, 
secondary secreted glycoprotein, and Δ-peptide 
Zaire ebolavirus isolate Mayinga (ZEBOV-May) secreted glycoprotein (sGP-Fc), 
secondary secreted glycoprotein (ssGP-Fc), Δ-peptide (Δ-Fc), and control proteins Fc, 
severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc, Machupo virus (MACV) GP1Δ-Fc, and 
ZEBOV-May 54-201-Fc were purified from supernatants of transfected human embryonic 
kidney (HEK) 293T cells, quantified, normalized for expression, and visualized by 
Coomassie staining 

 

Equivalent concentrations of each protein (100 nM) were incubated with filovirus-

permissive African green monkey kidney epithelial (Vero E6) cells, filovirus-permissive 

human cervical adenocarcinoma epithelial-like (HeLa) cells or with filovirus-resistant 

human acute T-cell leukemia Jurkat E6-1 lymphocytes, and cell-surface association of each 

protein was determined by flow cytometry. SARS-CoV RBD-Fc and HIV-1 gp120-Fc, 

described in Chapter 7.1.1, as well as Fc alone, the Machupo virus RBD (MACV GP1Δ-Fc) 

(219), and ZEBOV-May 54-201-Fc were used as controls. SARS-CoV RBD-Fc bound 
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SARS-CoV-permissive Vero E6 cells (Figure 7-24), which naturally express the SARS-

CoV receptor, angiotensin-converting enzyme 2 (ACE2) (167). SARS-CoV RBD-Fc did 

not bind to Jurkat E6-1 lymphocytes or HeLa cells, which express only minute amounts of 

ACE2, if any (167) (Figures 7-25 and 7-26). HIV-1 gp120-Fc bound Jurkat E6-1 

lymphocytes, which naturally express the principle HIV-1 receptor CD4 (Figure 7-26), but 

not to Vero E6 or HeLa cells, which do not (61, 154) (Figures 7-24 and 7-25). Fc did not 

bind to either cell type (Figures 7-24, 7-25, and 7-26), whereas MACV GP1Δ-Fc bound to 

Vero E6 cells (Figure 7-24), which express the MACV receptor, transferrin receptor 1 

(TfR1), but not to Jurkat E6-1 lymphocytes, which do not (219) (Figure 7-26). Surprisingly, 

little to no Vero E6 or HeLa cell-association was measured with ZEBOV-May sGP-Fc and 

ssGP-Fc, whereas Δ-Fc bound these cells with high affinity (Figures 7-24 and 7-25). None 

of the three proteins associated with Jurkat E6-1 lymphocytes (Figure 7-26). These data 

suggest that ebolaviral sGP and ssGP do not associate with the yet unidentified filovirus 

receptor despite them containing the ZEBOV RBR, and that Δ-peptide, which bears no 

resemblance in sequence to that of the ZEBOV RBR and whose function is enigmatic (see 

discussion in Chapter 8), may play a previously unknown role in filovirus cell entry. 
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Figure 7-24. Binding of Zaire ebolavirus isolate Mayinga secreted glycoprotein, 
secondary secreted glycoprotein, and Δ-peptide to the surface of filovirus-permissive 
nonhuman primate cells 
Zaire ebolavirus isolate Mayinga (ZEBOV-May) secreted glycoprotein (sGP-Fc), 
secondary secreted glycoprotein (ssGP-Fc) or Δ-peptide (Δ-Fc), and control proteins Fc, 
severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc, Machupo virus (MACV) GP1Δ-Fc or 
ZEBOV-May 54-201-Fc were incubated with filovirus-permissive African green monkey 
kidney epithelial (Vero E6) cells at a concentration of 100 nM, and analyzed by flow 
cytometry using an Fc-specific fluorescein isothiocyanate-conjugated secondary antibody. 
Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more experiments. 
Error bars indicate standard deviations 
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Figure 7-25. Binding of Zaire ebolavirus isolate Mayinga secreted glycoprotein, 
secondary secreted glycoprotein, and Δ-peptide to the surface of filovirus-permissive 
human cells 
Zaire ebolavirus isolate Mayinga (ZEBOV-May) secreted glycoprotein (sGP-Fc), 
secondary secreted glycoprotein (ssGP-Fc) or Δ-peptide (Δ-Fc), and control proteins Fc, 
severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc, Machupo virus (MACV) GP1Δ-Fc or 
ZEBOV-May 54-201-Fc were incubated with filovirus-permissive human cervical 
adenocarcinoma epithelial-like (HeLa) cells at a concentration of 100 nM, and analyzed by 
flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated secondary 
antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more 
experiments. Error bars indicate standard deviations 
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Figure 7-26. Binding of Zaire ebolavirus isolate Mayinga secreted glycoprotein, 
secondary secreted glycoprotein, and Δ-peptide to the surface of filovirus-resistant 
human cells 
Zaire ebolavirus isolate Mayinga (ZEBOV-May) secreted glycoprotein (sGP-Fc), 
secondary secreted glycoprotein (ssGP-Fc) or Δ-peptide (Δ-Fc), and control proteins Fc, 
severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human 
immunodeficiency virus type 1 (HIV-1) gp120-Fc or ZEBOV-May 54-201-Fc were 
incubated with filovirus-resistant human acute T-cell leukemia Jurkat E6-1 lymphocytes at 
a concentration of 100 nM, and analyzed by flow cytometry using an Fc-specific 
fluorescein isothiocyanate-conjugated secondary antibody. Bars indicate mean fluorescence 
intensity (M.F.I.) averages of two or more experiments. Error bars indicate standard 
deviations 

 

7.2.2 Zaire ebolavirus Δ-peptide-Fc, but not secreted glycoprotein or secondary 

secreted glycoprotein, inhibits entry of gammaretroviruses pseudotyped with filoviral 

spike protein 

The ability of ZEBOV Δ-Fc to inhibit entry of pseudotyped retrovirus particles was assayed 

to evaluate the hypothesis that this peptide may be involved in modulating filovirus cell 
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entry by binding to the common filovirus receptor. As described in Chapter 7.1.4, a 

Moloney murine leukemia virus (MLV) vector expressing enhanced green fluorescent 

protein (eGFP) was pseudotyped with the spike protein (GP1,2) of Lake Victoria 

marburgvirus isolate Musoke (MARV-Mus; MARV/MLV). MARV/MLV was chosen 

because it already had been demonstrated that both marburgviral and ebolaviral RBRs 

could inhibit either MARV/MLV or ZEBOV/MLV (Chapter 7.1.4) and because 

MARV/MLV was easier to produce in large quantities and behaved more consistently in 

transduction assays than ZEBOV/MLV (data not shown). Vero E6 cells were incubated 

with MARV/MLV and 200 nM of ZEBOV-May Δ-Fc, sGP-Fc, ssGP-Fc or control 

proteins. In accordance with the cell-binding data, ZEBOV-May sGP-Fc and ssGP-Fc 

inhibited cell transduction by MARV/MLV only minimally, whereas ZEBOV-May Δ-Fc 

inhibited MARV/MLV transduction even more efficiently than ZEBOV-May 54-201-Fc 

(Figure 7-27). These data indicate that ZEBOV Δ-peptide, for which there is no equivalent 

in the MARV proteome, can interfere with MARV GP1,2-mediated entry and therefore 

suggest that this interference may involve the common filovirus receptor. 
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Figure 7-27. Zaire ebolavirus isolate Mayinga Δ-peptide-Fc, but not secreted 
glycoprotein or secondary secreted glycoprotein, inhibits entry of gammaretrovirus 
particles pseudotyped with Lake Victoria marburgvirus isolate Musoke GP1,2 
200 nM of Zaire ebolavirus isolate Mayinga (ZEBOV-May) secreted glycoprotein (sGP-
Fc), secondary secreted glycoprotein (ssGP-Fc) or Δ-peptide (Δ-Fc), and control proteins 
Fc, severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc or ZEBOV-May 
54-201-Fc were incubated with filovirus-permissive African green monkey kidney 
epithelial (Vero E6) cells and enhanced green fluorescent protein-expressing Moloney 
murine leukemia virus (MLV) particles pseudotyped with MARV-Mus GP1,2. Entry of 
pseudotyped MLV was quantified by measuring green fluorescence using flow cytometry. 
Bars are normalized to show relative cell entry percentages compared to mock-inhibited 
control (defined as 100%) and indicate averages of two or more experiments. Error bars 
indicate standard deviations 
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7.2.3 Côte d’Ivoire, Sudan, and Zaire, and to much lesser extent Reston, ebolaviral 

Δ-peptide Fc fusion proteins inhibit filoviral GP1,2-mediated entry in a dose-

dependent manner 

The obtained data raised the question whether all ebolaviral Δ-peptides have a common 

function. To answer this question, open reading frames encoding the Δ-peptides of three 

other ebolaviruses, Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), and 

Sudan ebolavirus (SEBOV), were cloned from sGP expression plasmids obtained from 

collaborators and introduced into the Fc fusion-protein expression vector. All three proteins 

were expressed in HEK 293T cells as Fc-fusion proteins (Figure 7-28), purified and 

quantified. While REBOV and SEBOV Δ-Fc expressed very efficiently, CIEBOV Δ-Fc 

expressed only to low levels. SEBOV Δ-Fc migrated lower during polyacrylamide gel 

electrophoresis (PAGE) than all other Δ-Fcs, despite being the longest peptide (48 amino-

acid residues, compared to 41 (CIEBOV), 42 (REBOV), and 40 (ZEBOV)). This 

observation suggests that the ebolaviral Δ-peptides may be posttranslationally modified to 

different extent. 

 

 

Figure 7-28. Expression of Côte d’Ivoire, Sudan, Reston, and Zaire ebolaviral Δ-
peptides 

Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan ebolavirus 
(SEBOV), and Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs) were purified from 
supernatants of transfected human embryonic kidney (HEK) 293T cells, quantified, 
normalized for expression, and visualized by Coomassie staining 
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Equivalent concentrations of each Δ-Fc (100 nM) were incubated with Vero E6 

cells, HeLa cells, and Jurkat E6-1 lymphocytes, and cell-surface association of each protein 

was determined by flow cytometry. SARS-CoV RBD-Fc, gp120-Fc, Fc, and MACV GP1Δ-

Fc were used as controls as described and behaved as expected (Chapter 7.2.1). Fc did not 

bind to either cell type (Figures 7-29, 7-30, and 7-31), whereas MACV GP1Δ-Fc bound to 

Vero E6 and HeLa cells (Figures 7-29 and 7-30). None of the ebolaviral Δ-peptide bound to 

filovirus-resistant Jurkat E6-1 lymphocytes (Figure 7-31). In contrast, all of them 

associated with the cell surface of filovirus-permissive Vero E6 and HeLa cells, albeit to 

varying degree. ZEBOV Δ-Fc bound to the surface of these cells with much higher affinity 

than CIEBOV and SEBOV Δ-Fcs, whereas REBOV Δ-Fc exhibited the least efficient 

binding phenotype (Figures 7-29 and 7-30).  
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Figure 7-29. Binding of Côte d’Ivoire, Sudan, Reston, and Zaire ebolaviral Δ-peptides 
to the surface of filovirus-permissive nonhuman primate cells 
Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan ebolavirus 
(SEBOV) or Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs), and control proteins Fc, severe 
acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human immunodeficiency 
virus type 1 (HIV-1) gp120-Fc, Machupo virus (MACV) GP1Δ-Fc or Zaire ebolavirus 
isolate Mayinga (ZEBOV-May) 54-201-Fc were incubated with filovirus-permissive 
African green monkey kidney epithelial (Vero E6) cells at a concentration of 100 nM, and 
analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 
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Figure 7-30. Binding of Côte d’Ivoire, Sudan, Reston, and Zaire ebolaviral Δ-peptides 
to the surface of filovirus-permissive human cells 
Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan ebolavirus 
(SEBOV) or Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs), and control proteins Fc, severe 
acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human immunodeficiency 
virus type 1 (HIV-1) gp120-Fc, Machupo virus (MACV) GP1Δ-Fc or Zaire ebolavirus 
isolate Mayinga (ZEBOV-May) 54-201-Fc were incubated with filovirus-permissive 
cervical adenocarcinoma epithelial-like (HeLa) cells at a concentration of 100 nM, and 
analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 
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Figure 7-31. Binding of Côte d’Ivoire, Sudan, Reston, and Zaire ebolaviral Δ-peptides 
to the surface of filovirus-resistant human cells 
Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan ebolavirus 
(SEBOV) or Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs), and control proteins Fc, severe 
acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human immunodeficiency 
virus type 1 (HIV-1) gp120-Fc or Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-201-
Fc were incubated with filovirus-resistant human acute T-cell leukemia Jurkat E6-1 
lymphocytes at a concentration of 100 nM, and analyzed by flow cytometry using an Fc-
specific fluorescein isothiocyanate-conjugated secondary antibody. Bars indicate mean 
fluorescence intensity (M.F.I.) averages of two or more experiments. Error bars indicate 
standard deviations 
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The ability of the four ebolaviral Δ-Fcs to inhibit entry of pseudotyped 

gammaretrovirus particles was assayed as described above, using eGFP-expressing 

MARV/MLV. Vero E6 cells were incubated with increasing concentrations of CIEBOV Δ-

Fc, REBOV Δ-Fc, SEBOV Δ-Fc, ZEBOV Δ-Fc or control proteins and pseudotyped 

gammaretrovirus particles (Figure 7-32). Δ-Fcs of CIEBOV, SEBOV, and ZEBOV 

efficiently inhibited Vero E6 cell transduction by MARV/MLV. SEBOV Δ-Fc and 

CIEBOV Δ-Fc were even more efficient inhibitors than ZEBOV Δ-Fc and MARV-Mus 38-

188-Fc. Surprisingly, Δ-Fc derived from REBOV, the only filovirus thought to be 

apathogenic for humans, inhibited transduction much less efficiently than the other Δ-

peptides (Figure 7-32). This minimal inhibitory effect correlates with its minimal binding to 

the surface of these cells (Figure 7-29). Finally, Fc and SARS-CoV RBD-Fc fusion control 

proteins did not inhibit cell transduction (Figure 7-32), thereby emphasizing the specificity 

of the inhibitory effect of ebolaviral Δ-peptides. Together, these data indicate that 

ebolaviral Δ-peptides generally modulate filovirus cell entry and suggest that they may be 

important virulence factors. 
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Figure 7-32. Côte d’Ivoire, Sudan, and Zaire, and to lesser extent Reston, ebolaviral 
Δ-peptide Fc fusion proteins inhibit entry of gammaretrovirus particles pseudotyped 
with Lake Victoria marburgvirus isolate Musoke GP1,2 in a dose-dependent manner 
Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan ebolavirus 
(SEBOV) or Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs), and control proteins Fc, severe 
acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc or Lake Victoria 
marburgvirus isolate Musoke (MARV-Mus) 38-188-Fc were incubated at increasing 
concentrations with filovirus-permissive African green monkey kidney epithelial (Vero E6) 
cells and enhanced green fluorescent protein-expressing Moloney murine leukemia virus 
(MLV) pseudotyped with MARV-Mus GP1,2. Entry of pseudotyped MLV was quantified 
by measuring green fluorescence using flow cytometry. Individual measure points show 
relative cell entry percentages compared to mock-inhibited control (defined as 100%) and 
indicate averages of two or more experiments. Error bars indicate standard deviations 
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7.2.4 Côte d’Ivoire, Sudan, and Zaire, but not Reston, ebolaviral Δ-peptide Fc fusion 

proteins inhibit replication of infectious Zaire ebolavirus 

To determine whether ebolaviral Δ-Fc fusion proteins also inhibit infectious filoviruses, 

Vero E6 cells were preincubated with increasing concentrations of CIEBOV Δ-Fc, REBOV 

Δ-Fc, SEBOV Δ-Fc, ZEBOV Δ-Fc or control protein SARS-CoV RBD-Fc. Cells were 

washed and exposed to infectious ZEBOV-May modified to express eGFP (270), at a 

multiplicity of infection (moi) of 1. In accordance with experiments with pseudotyped 

MLV particles, viral replication, measured as percentage of infected cells, was specifically 

inhibited by CIEBOV, SEBOV, and ZEBOV Δ-Fc. SEBOV Δ-Fc was again the most 

efficient inhibitor, whereas REBOV Δ-Fc did not inhibit ZEBOV-May replication at all and 

behaved like the SARS-CoV RBD-Fc negative control (Figure 7-33). These data 

demonstrate that CIEBOV, SEBOV, and ZEBOV Δ-peptides, in addition to their inhibitory 

effect on MARV GP1,2-mediated entry, also inhibit ZEBOV entry. This supports the notion 

that Δ-peptides may modulate the cell entry of all filoviruses. 
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Figure 7-33. Côte d’Ivoire, Sudan, and Zaire, but not Reston, ebolaviral Δ-peptide Fc 
fusion proteins inhibit replication of infectious Zaire ebolavirus isolate Mayinga 
Increasing concentrations of Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus 
(REBOV), Sudan ebolavirus (SEBOV) or Zaire ebolavirus (ZEBOV) Δ-peptides (Δ-Fcs) or 
control protein severe acute respiratory syndrome coronavirus (SARS-CoV) RBD-Fc were 
incubated with recombinant, enhanced green fluorescent protein-expressing Zaire 
ebolavirus isolate Mayinga (ZEBOV-May). Infection was quantified by measuring green 
fluorescence using Discovery-1 automated microscopy. Individual measure points show 
relative cell entry percentages compared to mock-inhibited control (defined as 100%) and 
indicate averages of three or more experiments. Error bars indicate standard deviations 
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7.2.5 Ebolaviral Δ-peptides inhibit filoviral GP1,2-mediated entry specifically 

In the previously described experiments (Chapters 7.2.3 and 7.2.4), it was shown that 

SEBOV Δ-Fc inhibited MARV-Mus GP1,2-mediated entry and ZEBOV-May replication 

more efficiently than all other tested Δ-peptides. Consequently, all follow-up experiments 

were performed with SEBOV Δ-Fc or derivatives thereof. To evaluate whether ebolaviral 

Δ-peptide Fc-fusion proteins specifically inhibit filovirus cell entry, Vero E6 cells were 

incubated with 100 nM of SEBOV Δ-Fc or SARS-CoV RBD-Fc control, as well as with 

MLV pseudotyped with the spike proteins of human influenza A virus (FLUAV/MLV), 

Lassa virus (LASV/MLV), lymphocytic choriomeningitis virus (LCMV/MLV), Machupo 

virus (MACV/MLV), MARV (MARV/MLV),or VSIV (VSIV/MLV) (Figure 7-34). The 

results demonstrate that SEBOV Δ-Fc does not inhibit the transduction of Vero E6 cells by 

MLV pseudotyped with non-filoviral spike proteins, indicating that ebolaviral Δ-peptide 

Fc-fusion proteins modulate filovirus cell-entry processes specifically. 
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Figure 7-34. Sudan ebolaviral Δ-peptide inhibits filoviral GP1,2-mediated entry 
specifically 
100 nM of Sudan ebolavirus (SEBOV) Δ-Fc fusion protein were incubated with filovirus-
permissive African green monkey kidney epithelial (Vero E6) cells together with enhanced 
green fluorescent protein-expressing Moloney murine leukemia virus (MLV) particles 
pseudotyped with the spike proteins of either influenza A virus (FLUAV), Lassa virus 
(LASV), Machupo virus (MACV), vesicular stomatitis Indiana virus (VSIV), lymphocytic 
choriomeningitis virus (LCMV) or Lake Victoria marburgvirus (MARV). Entry of 
pseudotyped MLV was quantified by measuring green fluorescence using flow cytometry. 
Bars show relative cell entry percentages compared to mock-inhibited control (defined as 
100%) and indicate averages of two or more experiments. Error bars indicate standard 
deviations 
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To further emphasize this result, SEBOV Δ-Fc was evaluated in a human 

immunodeficiency virus type 1 (HIV-1) secreted alkaline phosphatase (SEAP) reporter 

neutralization assay (182). Briefly, infectious HIV-1 was incubated in the presence of 

increasing concentrations of SEBOV Δ-Fc. As a control, HIV-1 was incubated with the 

same concentrations of CD4-Fc, a soluble version of the principle HIV-1 receptor, CD4, 

which previously has been shown to inhibit HIV-1 cell entry efficiently (64). As expected, 

CD4-Fc inhibited HIV-1 entry in this assay, whereas SEBOV Δ-Fc had no effect (Figure 7-

35). These data further support the notion that ebolaviral Δ-peptides interfere specifically 

with filovirus cell entry. 

 

 

Figure 7-35. Sudan ebolaviral Δ-peptide does not inhibit cell entry of infectious human 
immunodeficiency virus type 1 
Infectious human immunodeficiency virus type 1 (HIV-1) and the indicated concentrations 
of SEBOV Δ-Fc or control protein CD4-Fc were incubated with cells stably transfected 
with plasmid encoding a secreted alkaline phosphatase (SEAP) reporter gene under the 
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control of a tat-responsive promoter derived from HIV-1. SEAP activity correlates directly 
with the amount of HIV-1 entering the cell and was measured as relative light units. 

 

7.2.6 Mutational analysis of Sudan ebolavirus Δ-peptide 

Mutants of SEBOV Δ-Fc were created to further define how ebolaviral Δ-peptides exert 

their effect on filovirus cell entry. Individual SEBOV Δ-peptide amino-acid residues, 

suspected to play a role in binding to filovirus-permissive cells, were mutated to alanine by 

subjecting a plasmid encoding SEBOV Δ-Fc (Δ1-48-Fc) to site-directed mutagenesis. 

Alternatively, mutants were created by de novo recursive PCR. N- and C-terminal 

truncations of SEBOV Δ-peptide were created by inverse PCR to evaluate which parts of 

the peptide are mandatory for its function. Last, chimeras of SEBOV Δ-peptide and 

REBOV Δ-peptide were synthesized by sequential PCRs to understand why REBOV Δ-Fc 

is the only ebolaviral Δ-peptide that does not inhibit replication of infectious filoviruses 

(Chapters 7.2.3 and 7.2.4). N-terminal truncation mutants SEBOV Δ7-48-Fc, SEBOV Δ13-

48-Fc, and SEBOV Δ18-48-Fc did not express. All other constructs (see Figure 7-36 for a 

list of all created mutants) expressed efficiently or at least sufficiently in HEK 293T cells as 

Fc-fusion proteins (Figure 7-37), and were purified and quantified.  

 



   163

 

Figure 7-36. Overview of Sudan ebolavirus Δ-peptide mutants 
Mutants were created by recursive polymerase-chain reaction (PCR) and site-directed 
mutagenesis (alanine-scanning), and/or inverse PCR (N- and C-terminal truncation 
variants) using a plasmid encoding Sudan ebolavirus (SEBOV) Δ-Fc (top panel). Mutated 
residues are printed in red color. Sudan-Reston Δ-Fc chimeras (SRΔ-Fc) and Reston-Sudan 
Δ-Fc chimeras (RSΔ-Fc) were created by sequential PCRs using plasmids encoding 
SEBOV Δ-Fc and Reston ebolavirus (REBOV) Δ-Fc (lower panel). Residues shared by 
both SEBOV Δ- and REBOV Δ-peptides are highlighted green. Residues unique to SEBOV 
and REBOV are highlighted yellow and red, respectively 
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Figure 7-37. Expression of Sudan ebolavirus Δ-peptide mutants 
Sudan ebolavirus (SEBOV) Δ-peptide (Δ-Fc) mutants were purified from supernatants of 
transfected human embryonic kidney (HEK) 293T cells, quantified, normalized for 
expression, and visualized by Coomassie staining. SR, Sudan-Reston Δ-peptide chimera; 
RS, Reston-Sudan Δ-peptide chimera; mFc, murine Fc 

 

Equivalent concentrations of some of these proteins (100 nM) were incubated with 

Vero E6 cells or with Jurkat E6-1 lymphocytes, and cell-surface association of each protein 

was determined by flow cytometry. SARS-CoV RBD-Fc and HIV-1 gp120-Fc were used as 

controls as described and behaved as expected. None of the created SEBOV Δ-peptide 

mutants bound to filovirus-resistant Jurkat E6-1 lymphocytes (Figure 7-39) but all of them, 

with the exception of SEBOV Δ1-28-Fc, associated with the cell surface of filovirus-

permissive Vero E6 cells (Figure 7-38). As can be seen in Figure 7-38, N-terminal 

truncation variant SEBOV Δ1-39-Fc bound as efficiently to Vero E6 cells as wild-type 

SEBOV Δ-Fc (SEBOV Δ1-48-Fc), while further N-terminal truncation reduced (SEBOV 
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Δ1-33-Fc) or abolished (SEBOV Δ1-28-Fc) cell-surface association. Mutant SEBOV 

ΔT9A-Fc was created to evaluate whether a computationally predicted O-glycosylation site 

within SEBOV Δ-peptide plays an important role in Δ-peptide-mediated inhibition. 

Exchanging residue T9 for an alanine did lead to a migration shift during PAGE analysis 

(data not shown), suggesting that this residue is indeed glycosylated. Surprisingly, SEBOV 

ΔT9A-Fc bound to Vero E6 cells with increased affinity compared to SEBOV Δ-Fc (Figure 

7-38). The exchange of SEBOV Δ-Fc residue R21 for alanine did not have an effect on cell 

association, whereas simultaneous exchange of C29 and C38, which are 100% conserved 

among all ebolaviral Δ-peptides, for alanines increased cell binding. 
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Figure 7-38. Binding of Sudan ebolavirus Δ-peptide mutants to the surface of 
filovirus-permissive nonhuman primate cells 
Sudan ebolavirus (SEBOV) Δ-peptide (Δ-Fc) mutants, and control proteins Fc, severe acute 
respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human immunodeficiency virus 
type 1 (HIV-1) gp120-Fc or SEBOV Δ-Fc were incubated with filovirus-permissive 
African green monkey kidney epithelial (Vero E6) cells at a concentration of 100 nM, and 
analyzed by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated 
secondary antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or 
more experiments. Error bars indicate standard deviations 
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Figure 7-39. Binding of Sudan ebolavirus Δ-peptide mutants to the surface of 
filovirus-resistant human cells 
Sudan ebolavirus (SEBOV) Δ-peptide (Δ-Fc) mutants, and control proteins Fc, severe acute 
respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, human immunodeficiency virus 
type 1 (HIV-1) gp120-Fc or SEBOV Δ-Fc were incubated with filovirus-resistant human 
acute T-cell leukemia Jurkat E6-1 lymphocytes at a concentration of 100 nM, and analyzed 
by flow cytometry using an Fc-specific fluorescein isothiocyanate-conjugated secondary 
antibody. Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more 
experiments. Error bars indicate standard deviations 

 

The ability of mutated SEBOV Δ-Fcs to inhibit entry of pseudotyped retrovirus 

particles was assayed as described above, using MARV/MLV (Chapter 7.1.4). Vero E6 

cells were incubated with 200 nM of each mutant or control protein and pseudotyped 

gammaretrovirus particles (Figure 7-40). SRΔ-Fc, a chimeric Δ-peptide consisting of the N-

terminal half of SEBOV Δ-peptide and the C-terminal half of REBOV Δ-peptide, inhibited 

cell transduction only minimally and at levels comparable to REBOV Δ-Fc. Conversely, 

RSΔ-Fc, a chimeric Δ-peptide consisting of the N-terminal half of REBOV Δ-peptide and 

the C-terminal half of SEBOV Δ-peptide, strongly inhibited transduction at levels 

comparably to SEBOV Δ-Fc. This observation suggests that SEBOV Δ-Fc primarily exerts 



   168

its entry-inhibitory effect through amino-acid residues located in its C-terminus. This 

notion is supported by the observation that successive C-terminal truncation of SEBOV Δ-

Fc decreased cell-surface binding (Figure 7-38), as well as transduction inhibition (Δ1-39-

Fc>Δ1-33-Fc>Δ1-28-Fc>1-17-Fc). The N-terminal truncation variant Δ28-48-Fc, which 

represents the C-terminal half of SEBOV Δ-Fc, still had minimal inhibitory function on 

MARV/MLV cell transduction. SEBOV ΔT9A-Fc, ΔS14A-Fc, ΔW18A-Fc, and ΔW26A-

Fc were not impaired in their ability to inhibit MARV/MLV entry when compared to wild-

type SEBOV Δ-Fc, whereas ΔR21A-Fc and ΔC29A,C38A-Fc lost some activity. Together, 

these results suggest 1) that SEBOV Δ-peptide requires its N-terminus for stability or 

folding of the protein, although the N-terminus is not involved in attaching to SEBOV Δ-

peptide’s cell-surface binding partner; 2) that the inhibitory function of SEBOV Δ-Fc is 

mediated by its C-terminus; 3) that T9 of SEBOV Δ-Fc is O-glycosylated but that this 

glycosylation is not important for function; and 4) that residues S14, R21, W18, W26 (all 

located within the N-terminal half of the peptide) and C29/C38 (in the C-terminal half) do 

not play crucial roles in MARV/MLV inhibition. 
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Figure 7-40. Analysis of the effect of Sudan ebolavirus Δ-peptide mutants on entry of 
gammaretrovirus particles pseudotyped with Lake Victoria marburgvirus isolate 
Musoke GP1,2 
Sudan ebolavirus (SEBOV) Δ-peptide (Δ-Fc) mutants, and control proteins Fc, severe acute 
respiratory syndrome coronavirus (SARS-CoV) RBD-Fc, SEBOV Δ-Fc or Reston 
ebolavirus (REBOV) Δ-Fc were incubated at 100 nM concentration with filovirus-
permissive African green monkey kidney epithelial (Vero E6) cells and enhanced green 
fluorescent protein-expressing Moloney murine leukemia virus (MLV) pseudotyped with 
Lake Victoria marburgvirus isolate Musoke (MARV-Mus) GP1,2. Entry of pseudotyped 
MLV was quantified by measuring green fluorescence using flow cytometry. Individual 
measure points show relative cell entry percentages compared to mock-inhibited control 
(defined as 100%) and indicate averages of two or more experiments. Error bars indicate 
standard deviations. SR, Sudan-Reston Δ-peptide chimera; RS, Reston-Sudan Δ-peptide 
chimera 
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7.2.7 Sudan ebolavirus Δ-Fc and Lake Victoria marburgvirus isolate Musoke 38-

188-Fc may compete for the same cell-surface binding factor 

It was shown that all filoviruses utilize at least one common cell-surface factor to achieve 

cell penetration (Chapter 7.1), and that CIEBOV, SEBOV, and ZEBOV Δ-Fc inhibit both 

MARV and ZEBOV cell entry with efficiencies equal to or greater than filoviral RBR-Fcs 

(Chapters 7.2.3 and 7.2.4). A cell-binding competition assay was developed to evaluate 

whether ebolaviral Δ-Fcs bind to the same factor as filoviral RBR-Fcs. Briefly, the human 

IgG1 Fc region in SEBOV Δ-Fc was substituted by the Fc region of murine IgG2A (SEBOV 

Δ-mFc, for expression gel see Figure 7-37). Vero E6 cells were incubated with 200 nM 

MARV-Mus 38-188-Fc or with 200 nM SEBOV Δ-mFc. Cells were washed, and the 

MARV samples incubated with 800 nM of SEBOV Δ-mFc or BSA and the SEBOV 

samples with 800 nM MARV-Mus 38-188-Fc or BSA. Cells were washed again and 

subsequently stained with FITC-conjugated anti-human Fc antibody (hAb) or FITC-

conjugated anti-murine Fc antibody (mAb) and analyzed by flow cytometry (Figure 7-41). 

The presence of 800 nM SEBOV Δ-mFc reduced the cell-binding signal of 200 nM 

MARV-Mus 38-188-Fc roughly by 50%, and the presence of 800 nM MARV-Mus 38-188-

Fc reduced the cell-binding signal of 200 nM SEBOV Δ-mFc roughly by 50% as well. 

These data suggest that at least SEBOV Δ-Fc might bind to the unknown filovirus receptor, 

and thereby modulate filovirus cell entry. 
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Figure 7-41. Sudan ebolavirus Δ-Fc and Lake Victoria marburgvirus isolate Musoke 
38-188-Fc may compete for the same cell-surface binding factor 
Filovirus-permissive African green monkey kidney epithelial (Vero E6) cells were 
incubated with 200 nM Lake Victoria marburgvirus isolate Musoke (MARV-Mus) 38-188-
Fc and with or without 800 nM Sudan ebolavirus (SEBOV) Δ-mFc. Cell-surface binding 
was evaluated with either fluorescein isothiocyanate-conjugated anti-human Fc antibody 
(hAb; yellow columns) or fluorescein isothiocyanate-conjugated anti-murine Fc (mFc) 
antibody (mAb; red columns), and analyzed by flow cytometry. Vice versa, cells were 
incubated with 200 nM SEBOV Δ-mFc and with or without 800 nM MARV-Mus 38-188-
Fc. Cell-surface binding was again evaluated with either fluorescein isothiocyanate-
conjugated anti-human hAb or fluorescein isothiocyanate-conjugated anti-murine mAb. 
Bars indicate mean fluorescence intensity (M.F.I.) averages of two or more experiments. 
Error bars indicate standard deviations 
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7.2.8 Ebolaviral Δ-peptides do not inhibit cathepsin B activity 

It is now known that ZEBOV cell entry is dependent on the presence of cathepsin B, and, to 

lesser extent, on cathepsin L (52, 130, 148, 232, 240). It is not known, however, whether 

cathepsins act prior to, during or after virus-receptor binding. The fact that ebolaviral Δ-Fcs 

interfered with ebolaviral cell entry raised the possibility that they could interfere with 

cathepsin activity. To test this hypothesis, human cathepsin B was incubated with a 

concentration of ebolaviral Δ-Fcs shown previously to inhibit ZEBOV GP1,2-mediated 

entry (Figure 7-32) or with controls, and exposed to increasing concentrations of a 

cathepsin B substrate (Z‐Arg‐Arg‐AMC) that fluoresces upon proteolytic cathepsin 

cleavage.  

 Figure 7-42 demonstrates that none of the four ebolaviral Δ-Fcs had a significant 

effect on cathepsin B’s ability to proteolytically cleave increasing amounts of substrate, 

whereas the known cathepsin B inhibitor CA074 inhibited the protease completely at very 

low concentrations. These data suggest that ebolaviral Δ-peptides probably do not interfere 

with cathepsin B during filovirus cell entry. 
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Figure 7-42. Ebolaviral Δ-peptides do not inhibit cathepsin B activity 
30 nM of Côte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus (REBOV), Sudan 
ebolavirus (SEBOV) or Zaire ebolavirus (ZEBOV) Δ-Fc or controls Fc, cathepsin B 
inhibitor CA0174 or dimethylsulfoxide (DMSO) were incubated with 1 μg/ml human 
cathepsin B and increasing concentrations of Z‐Arg‐Arg‐AMC fluorescent cathepsin B 
substrate. Fluorescence was measured as relative fluorescence units (R.F.U.) every three 
minutes for 1 h 

 



7.3 Filoviral Fc-conjugated receptor-binding regions are strongly 

immunogenic filovirus candidate vaccines 

7.3.1 C57/BL6 mice inoculated with Lake Victoria marburgvirus isolate Musoke 38-

188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc develop strong humeral and 

cytotoxic T-lymphocyte immune responses 

The removal of the highly variable mucin-like domains (MLDs) and adjacent sequences 

resulted in increased binding of Lake Victoria marburgvirus isolate Musoke (MARV-Mus) 

and Zaire ebolavirus isolate Mayinga (ZEBOV-May) spike-protein fragments to filovirus-

permissive cells (Chapter 7.1). These data suggested that the MLDs of filoviral spike 

proteins shield the rather conserved receptor-binding regions (RBRs), possibly to prevent 

the formation of cell entry-neutralizing antibodies by the filovirus-infected host. These 

“glycan shields” may also be the reason why, despite the fact that all filoviruses utilize a 

common receptor, there has so far been no success in developing a monovalent candidate 

vaccine that cross-protects against infection with heterologous filoviruses. If so, filoviral 

spike proteins devoid of the MLD could be valuable subunit candidate vaccines. 

To evaluate whether purified protein preparations of filoviral RBRs could be used as 

subunit candidate vaccines, three groups of C57BL/6 house mice were immunized three 

times with purified preparations of MARV-Mus 38-188-Fc and RIBI adjuvant, ZEBOV-

May 54-201-Fc and RIBI adjuvant or RIBI adjuvant alone, respectively (for immunization 

schedule, see Figure 7-43). 
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Figure 7-43. Immunization of mice with Lake Victoria marburgvirus isolate Musoke 
38-188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc 
Three groups of 13 mice each were immunized intramuscularly on days 0, 14, and 28 with 
20 μg per immunization of either Lake Victoria marburgvirus isolate Musoke (MARV-
Mus) 38-188-Fc or Zaire ebolavirus isolate Mayinga (ZEBOV-May) 54-201-Fc in 200 μl 
RIBI adjuvant or with adjuvant alone. Sera were collected two weeks after each 
immunization for determination of antibody titers. On day 35, three mice of each group 
were euthanized and splenocytes were collected for analysis of cytotoxic T-lymphocyte 
(CTL) responses. On day 56, the remaining mice were challenged by intraperitoneal 
injection with 1,000 pfu (~30,000 LD50) of mouse-adapted ZEBOV-May (33) 

 

All tested mice (ten out of ten) immunized with ZEBOV-May 54-201-Fc developed 

high antibody titers (~104) as measured by ELISA using γ-irradiated Zaire ebolavirus 

isolate Kikwit (ZEBOV-Kik) as antigen (123). Interestingly, and in support of the 

hypothesis, six out of ten mice immunized with MARV-Mus 38-188-Fc also developed 

comparable antibody titers against γ-irradiated ZEBOV-Kik, whereas four mice developed 

lower titers that were, however, clearly above background (Figure 7-44). These results 

suggest that immunization with MARV-Mus 38-188-Fc induced antibodies cross-reactive 

with ZEBOV-May GP1. 
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Figure 7-44. Mice immunized with Lake Victoria marburgvirus isolate Musoke 38-
188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc develop cross-reactive 
antibodies 

Sera were collected from mice on days 14, 28, and 42. Antibody titers were determined by 
ELISA using γ-irradiated Zaire ebolavirus isolate Kikwit (ZEBOV-Kik) as antigen and a 
horseradish peroxidase-conjugated secondary antibody. Antibody titers were defined as the 
reciprocal of the highest dilution. Shown here are the antibody titers of sera collected on 
day 42. Each bar represents the antibody titer of one individual mouse. ZEBOV-May, Zaire 
ebolavirus isolate Mayinga; MARV-Mus, Lake Victoria marburgvirus isolate Musoke 

 

To examine cytotoxic T-lymphocyte (CTL) responses induced by MARV-Mus 38-

188-Fc and ZEBOV-May 54-201-Fc, pooled splenocytes harvested from three mice of each 

of the three immunized groups were incubated with a matrix of overlapping peptide pools 

derived from ZEBOV-May GP1, stained for surface expression of CD8, CD44, and 
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intracellular IFN-γ, and analyzed by flow cytometry (Figure 7-45). Two pools contained 

peptides that stimulated splenocytes harvested from mice immunized with MARV-Mus 38-

188-Fc and ZEBOV-May 54-201.  

 

 

Figure 7-45. Mice immunized with Lake Victoria marburgvirus isolate Musoke 38-
188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc develop splenocytes reactive to 
Zaire ebolavirus isolate Mayinga GP1 peptides 
Splenocytes were collected from three euthanized mice of each immunized group on day 
35. The cells were incubated with a matrix of overlapping peptide pools derived from Zaire 
ebolavirus isolate Mayinga (ZEBOV-May) GP1, followed by staining for surface 
expression of CD8, CD44, and interferon γ (IFN-γ) and analysis by flow cytometry. Shown 
here are the results of this experiment gated on CD8+ cells. The numbers in each quadrant 
are the percentages of each cell population. The upper right quadrant of each panel 
represents the reactive splenocyte population 
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7.3.2 Sera from C57/BL6 mice inoculated with Lake Victoria marburgvirus 38-188-

Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc neutralize infectious Zaire 

ebolavirus in vitro 

To determine if the induced cross-reactive antibodies also inhibit the replication of 

infectious filoviruses, filovirus-permissive African green monkey kidney epithelial (Vero 

E6) cells were incubated with infectious ZEBOV-May modified to express eGFP (270), at a 

multiplicity of infection (moi) of 1, together with sera harvested from mice immunized with 

RIBI adjuvant alone, with ZEBOV-May 54-201-Fc + RIBI or with MARV-Mus 38-188-Fc 

+ RIBI. Interestingly, the sera from animals immunized with ZEBOV-May 54-201-Fc + 

RIBI or with MARV-Mus 38-188-Fc + RIBI, but not those from control animals, 

completely neutralized replication of infectious ZEBOV-May (Figure 7-46). These data 

indicate that MARV spike-protein fragments can induce the synthesis of ebolavirus-

neutralizing antibodies in mice, and that such antibodies could be used as therapeutics, as 

they might also inhibit filovirus replication in nonhuman primates or humans. 
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Figure 7-46. Sera from mice immunized with Lake Victoria marburgvirus isolate 
Musoke 38-188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc inhibit replication of 
infectious Zaire ebolavirus 
Filovirus-permissive African green monkey kidney epithelial (Vero E6) cells were infected 
with enhanced green fluorescent protein-expressing Zaire ebolavirus isolate Mayinga 
(ZEBOV-May) in the presence of sera harvested from mice immunized with RIBI adjuvant, 
ZEBOV-May 54-201-Fc + RIBI or with Lake Victoria marburgvirus isolate Musoke 
(MARV-Mus) 38-188-Fc + RIBI. Infection was quantified by measuring green 
fluorescence using Discovery-1 automated microscopy 
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7.3.3 C57/BL6 mice inoculated with Lake Victoria isolate Musoke 38-188-Fc or 

Zaire ebolavirus isolate Mayinga 54-201-Fc are partially and fully protected against 

challenge with infectious Zaire ebolavirus, respectively 

To evaluate whether the induced antibodies and cytotoxic T-lymphocyte responses can 

protect against fatal disease caused by infectious filoviruses, the immunized mice were 

challenged with mouse-adapted ZEBOV-May (33) on day 56 post immunization and 

monitored continuously. All mice immunized with ZEBOV-May 54-201-Fc remained 

healthy. Most importantly, 50% of the mice immunized with MARV-Mus 38-188-Fc were 

similarly protected, whereas the other 50% developed symptoms of filovirus hemorrhagic 

fever and died. These promising data suggest that the development of a monovalent pan-

filovirus vaccine may be possible, as they describe the first marburgvirus/ebolavirus cross-

reactive candidate vaccine. 

 

 

Figure 7-47. Mice immunized with Lake Victoria marburgvirus isolate Musoke 38-
188-Fc or Zaire ebolavirus isolate Mayinga 54-201-Fc are partially and fully protected 
from infection with mouse-adapted Zaire ebolavirus isolate Mayinga, respectively 

Mice were challenged with 1,000 pfu (~30,000 LD50) of mouse-adapted Zaire ebolavirus 
isolate Mayinga (ZEBOV-May) (33) on day 56 after immunization with Lake Victoria 
marburgvirus isolate Musoke (MARV-Mus) 38-188-Fc + RIBI, ZEBOV-May 54-201-Fc + 
RIBI or RIBI alone. The survival rate of mice in the three different groups is shown in a 
Kaplan-Meier plot



8 DISCUSSION 

Viral infections of animals are established by entry of viral particles into host cells using 

endocytic or nonendocytic pathways (63). The endocytic route is often pH-dependent and 

employs clathrin-coated pits, non-clathrin-coated pits, caveolae or macropinocytic vesicles, 

whereas the nonendocytic route generally results in direct penetration of the plasma 

membrane at neutral pH (244).  

Enveloped viruses, such as filoviruses, use specific proteins (spike proteins or 

peplomers) on the virion surface that mediate host-cell attachment and fusion of the viral 

membrane with cellular membranes (63). This then results in the release of the viral 

genome into the host cell. According to their structural organization and their functional 

characteristics, spike proteins are currently grouped into three classes (116, 122, 150, 225, 

226, 301). Viral class I fusion proteins, encoded, for instance, by coronaviruses (314), 

orthomyxoviruses (42), paramyxoviruses (317), and retroviruses (79), are typically 

glycosylated homotrimers that protrude vertically from the viral surface and contain mostly 

α-helical structures (63, 116, 150). Each monomer is comprised of two functionally distinct 

domains or subunits that are synthesized as one preprotein that is cleaved by a protease in 

the producer cell (63, 68). The N-terminal globular ectodomain mediates cell attachment 

and receptor association, whereas the C-terminal stalk-like fusion domain mediates the 

actual fusion process. Fusion domains of class I fusion proteins usually contain relatively 

hydrophobic and glycine-rich regions, commonly referred to as fusion peptides, at or close 

to their N-termini, and transmembrane regions, which anchor them to the viral membranes. 

After attachment of an ectodomain to a receptor, the fusion peptide becomes exposed and 

inserted into the target membrane. The fusion domain is then subjected to complex 

conformational changes, resulting in the formation of a hairpin-like structure formed by a 

trimeric coiled-coil stem at the fusion peptide’s C-terminus and segments adjacent to the 

transmembrane domain (six-helix bundle). This rearrangement forces the viral and cellular 

membrane into close apposition, which results in fusion (63, 116, 122, 150).  
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Viral class II fusion proteins, encoded, for instance, by alphaviruses (166) and 

flaviviruses (186), are elongated homodimers that lie flat on the virion surface in 

icosahedral lattices, and are protected by a second glycoprotein (212). Each monomer 

consists of three globular domains composed mainly of β-sheets, and the fusion peptide is 

located within the peptide chain rather than at one of its termini. Receptor binding results in 

a switch from dimeric to trimeric conformations (319), the exposure of the fusion peptide 

and insertion into the target membrane, and subsequently to fusion (63, 116, 122, 150).  

Viral class III fusion proteins, encoded, for instance, by rhabdoviruses and 

herpesviruses, are still rather uncharacterized and appear to be functional hybrids of class I 

and II proteins (122, 225, 226).  

Two types of cell-surface structures facilitate virus entry. For one, viral spike 

proteins may attach to so-called attachment factors, such as glycosaminoglycans, C-type 

lectins or integrins. Binding to these factors frequently makes substantial contributions to 

the efficiency of viral entry by concentrating virions on the target-cell surface (13, 178, 

204). More critically, most viruses require one or more cellular receptors, which can be 

glycans, lipids or proteins, to initiate cell penetration. Receptors are obligatory 

requirements for virus-cell entry, whereas attachment factors are not. The expression of true 

receptors in virus entry-resistant, but otherwise virus-susceptible, cells should therefore 

confer virus susceptibility. Also, cell types that express the receptor should generally not be 

resistant to virus entry. Conversely, a virus attachment factor can be present on a virus 

entry-resistant cell or be absent from a virus-permissive cell (63).  

Receptor-binding regions (RBRs) of viral spike proteins are typically the most 

important antibody-neutralizing epitopes on virions, due to the functional importance of 

and limited variation in these regions (68). In some cases, such as murine and feline 

leukemia retroviruses and severe acute respiratory syndrome coronavirus (SARS-CoV), the 

RBRs are discrete, independently folded regions (receptor-binding domains, RBDs) that 

can efficiently bind cellular receptors and inhibit infection (14, 78, 304). These regions 

themselves also can be sufficient to elicit potent protective neutralizing antibodies that are 



   183

not produced during natural infection because of cloaking of the RBRs by adjacent spike-

protein regions (68). 

Filoviruses (marburgviruses and ebolaviruses) most likely enter target cells through 

pH-dependent receptor-mediated and clathrin-dependent endocytosis (12, 51, 103, 232, 

262, 305, 318). This process is facilitated by the filoviral spike protein GP1,2, which is a 

rather typical class I fusion protein (94). Its ectodomain, GP1, mediates receptor binding, 

whereas its fusion domain, GP2, facilitates membrane fusion (94, 162). GP1 binds to 

numerous cell-surface attachment factors before binding to the receptor (6, 25, 48, 112, 

178, 247, 261, 263), which has yet to be identified.  

Here, small regions of the GP1 proteins of two divergent filoviruses (Lake Victoria 

marburgvirus isolate Musoke (MARV-Mus) amino-acid residues 38-188 and Zaire 

ebolavirus isolate Mayinga (ZEBOV-May) amino-acid residues 54-201) were identified 

that bind filovirus-permissive cells more efficiently than the full-length ectodomains. 

Several lines of evidence suggest that these regions bind a cellular receptor rather than an 

attachment factor. First, these regions did not associate with cell lines refractory to filovirus 

infection, such as human acute T-cell leukemia Jurkat E6-1 lymphocytes (Figures 7-5 and 

7-10). Second, they associated with filovirus-permissive cells, such as African green 

monkey kidney epithelial (Vero E6) cells, more efficiently than larger and more heavily 

glycosylated GP1 variants (Figures 7-3 and 7-8). Indeed, ZEBOV-May GP1 residues 54-201 

do not contain sites that could be attached to N-glycans, which could associate with cell-

surface lectin-like molecules (MARV-Mus GP1 residues 38-188 include two potential N-

glycosylation sites, at positions 94 and 171, but plasmids mutated to encode 38-188N94A-

Fc, 38-188N171A-Fc or 38-188N94A,N171A-Fc did not express protein (data not shown)). 

Third, both regions 54-201 and 38-188, when fused to Fc, efficiently inhibited entry 

mediated by their respective GP1,2 at 50-200 nM, indicating that they associate with 

moderately high affinity and specifically with a factor critical to entry (Figures 7-13, 7-14, 

and 7-15). Finally, these regions include the most highly conserved region of filoviral GP1 

(172), which suggests that they play a crucial and conserved role in filovirus cell entry 

(Figure 8-1). 
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Figure 8-1. Sequence alignment of Lake Victoria marburgvirus isolate Musoke and 
Zaire ebolavirus isolate Mayinga receptor-binding regions 
Sequence alignment of the filoviral receptor-binding regions (RBRs) Lake Victoria 
marburgvirus isolate Musoke (MARV-Mus) 38-188 and Zaire ebolavirus isolate Mayinga 
(ZEBOV-May) 54-201. Residues in orange indicate identical residues. A disulfide bond 
common to both receptor-binding regions is indicated with a bracket, as is a disulfide bond 
present only in ebolaviruses. Threonine 74 of MARV-Mus GP1, which is an alanine in Lake 
Victoria marburgvirus isolate Angola (MARV-Ang) GP1, is shown in green. Arrows 
indicate further truncations that reduced cell-surface binding and GP1,2-mediated entry 
inhibition (see also Figures 7-1 and 7-6) 

 

One rather surprising observation was that although MARV-Mus 38-188-Fc bound 

filovirus-permissive cells with much higher affinity than full-length GP1-Fc (17-432-Fc), 

both fragments equally inhibited cell transduction by MARV-Mus GP1,2-pseudotyped 

Moloney murine leukemia (MLV) virus particles (Figures 7-16). One possible explanation 

for this observation is that the mucin-like domain (MLD) of full-length GP1 mediates a 

lower affinity interaction with an attachment factor on Vero E6 cells, which may contribute 

to inhibition of entry, but which may be more susceptible to the wash steps of the binding 

assay. Alternatively, partial misfolding of the longer truncation variants may impair cell 

surface association. It is important to note here that the created GP1-Fc truncation variants 

were not evaluated in terms of folding. The goal of the truncation study was exclusively to 

identify a minimal receptor-binding GP1 truncation variant, which was determined to 

consist of residues 54-201 in the case of ZEBOV-May and residues 38-188 in the case of 
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MARV-Mus. This, however, does not necessarily exclude the possibility that variants 

shorter than those could still be functional and that the smaller truncation variants evaluated 

here were simply misfolded. Alternatively, misfolding could also explain why some 

constructs, such as MARV-Mus 38-308-Fc, 61-308-Fc, and 87-308-Fc, were found to bind 

to filovirus-resistant cells (Figure 7-5), which did not bind any other filoviral glycoprotein-

Fc construct tested. Further experiments are necessary to explain these findings. These 

could be performed in the near future after conformation-dependent antibodies to different 

regions of filoviral GP1s have become available, as such antibodies could be used to 

evaluate the proper folding of GP1 truncation variants that behave aberrantly.  

Several mutational studies of ZEBOV GP1,2 are consistent with association of 

region 54-201 with a specific cellular receptor. For instance, Manicassamy et al. have 

shown that GP1,2 containing short deletions within the 54-201 region are nonfunctional. 

Furthermore, a thorough mutational scanning study demonstrated that residues D55, L57, 

L63, R64, F88, K95, and I170 do not interfere with GP1,2 expression, processing or pseudotype 

incorporation, but rather interfered with GP1,2-mediated infection (172). Brindley et al. 

conducted a similar study and identified residues G87, F88, K114, K115, K140, G143, P146, C147, 

F153, H154, F159, F160, and Y162 as crucial for receptor binding (37). Finally, Mpanju et al. 

confirmed the important role of F88 and F159 during Zaire ebolavirus and Côte d’Ivoire 

ebolavirus entry (193). 

Medina et al. have observed that a ZEBOV GP1,2 lacking GP1 residues 241-496 

nonetheless retained its ability to mediate entry of a pseudotyped retrovirus, whereas 

GP1Δ227-496 did not (183). Similar results were obtained for MARV during studies 

performed for this dissertation. In particular, MARV-Mus GP1,2 lacking GP1 residues 266-

432 could still mediate transduction of pseudotyped MLV particles as or more efficiently 

than full-length GP1,2 (residues 17-681). GP1,2 lacking GP1 residues 231-432 had minimal, 

but detectable functionality, whereas GP1,2 lacking GP1 residues 189-432 did not mediate 

entry (data not shown). Together, these data indicate that large parts of the filoviral GP1 

molecules, going even beyond the MLDs, are dispensable for cell-entry mediation, but that 

the identified receptor-binding regions (RBRs) of ZEBOV-May (54-201) and MARV-Mus 
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(38-188) fused to GP2 are not sufficient to facilitate fusion. This observation is in 

accordance with the current understanding of fusion mediated by class I fusion proteins, 

during which a “clamp” downstream of the RBR keeps the protein in a “native” fusion-

competent state and prevents premature initiation of the fusion process. This “clamp” is 

removed after receptor-binding or another trigger to convert the fusion-competent 

conformation to a membrane-embedded hairpin conformation, which is characterized by 

the insertion of GP2’s fusion peptide into the host-cell membrane (301). The described 

results above suggest that the “clamp” is located upstream of residue 240 in the case of 

ZEBOV-May, and upstream of residue 230 in the case of MARV-Mus.  

Numerous studies have demonstrated that digestion of ZEBOV GP1,2 with cathepsin 

B and/or L removes all but a 17-19 kD fragment of GP1, which remains attached to 

undigested GP2 through a disulfide bond. The resulting 17-19 kD-GP2 complex can still 

mediate infection. These findings suggest that the 17-19 kD fragment may be identical to 

GP1 residues 33-201 (54-201 plus the N-terminal amino-acid residues containing the 

cysteine that connects GP1 to GP2), although the exact cathepsin cleavage site(s) have yet to 

be determined (52, 130, 148, 232, 240). Interestingly, Kaletsky et al. demonstrated that the 

17-19 kD fragment not only is sufficient for mediating cell entry, but also binds with 

increased affinity to filovirus-permissive cells compared to full-length GP1 (148). This 

observation indirectly confirms results presented here, namely the increased cell-binding 

properties of ZEBOV-May 54-201-Fc compared to longer GP1 fragments (Figure 7-8).  

Last, Dube et al. recently confirmed that ZEBOV-May 54-201-Fc binds filovirus-

permissive cells, whereas it does not bind filovirus-resistant cells. Interestingly, Dube et al. 

used human embryonic kidney (HEK) 293F and human monocyte THP-1 cells for 

experiments, both of which can be grown as either adherent or as suspension cultures. 

ZEBOV-May 54-201-Fc bound the cells in their adherent state, but not when they were 

grown in suspension (65). These findings could indicate that the filovirus receptor may be a 

cell-adhesion molecule. 

Although the genomic organization of marburgviruses and ebolaviruses is similar, 

and although they cause similar diseases of comparable severity, it has not been clear 
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whether all filoviruses utilize a common receptor. Several observations in the literature 

raised the possibility that their receptors or entry mechanisms are distinct. For instance, 

MARV has been reported to be less susceptible than ZEBOV to treatment of target cells 

with proteases and glycosidases (51). Electron micrographs of the filoviruses entering cells 

have been used to suggest that MARV enters cells differently than ZEBOV (231), although 

earlier and more recent work suggested that both viruses enter by endocytosis (103, 232). 

Some variation in the relative efficiencies with which MARV and ZEBOV GP1,2 mediate 

entry into different cell lines also raised the possibility of distinct receptors (51). Here, data 

are presented that demonstrate that MARV-Mus 38-188-Fc efficiently inhibited cell 

transduction by MLV particles pseudotyped with MARV-Mus or ZEBOV-May spike 

proteins. Likewise, ZEBOV-May 54-201-Fc inhibited cell transduction by both 

MARV/MLV and ZEBOV/MLV (Figures 7-13 and 7-14). Both MARV-Mus 38-188-Fc 

and ZEBOV-May 54-201 inhibited replication of infectious ZEBOV-May, albeit at much 

higher concentrations (800 nM vs. 50-200 nM) (Figure 7-17). These higher concentrations 

may be necessary to interfere with the greater number of GP1,2 molecules present on the 

filamentous filoviruses, compared to the significantly smaller and spherical 

gammaretroviral particles.  
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Figure 8-2. Location of the identified receptor-binding regions within filoviral full-
length spike proteins 
ZEBOV-May, Zaire ebolavirus isolate Mayinga; MARV-Mus, Lake Victoria marburgvirus 
isolate Musoke; SP, signal peptide; RBR, receptor-binding region (ZEBOV-May: residues 
54-201; MARV-Mus: residues 38-188); MLD, mucin-like domain; TM, transmembrane 
domain (adapted from (157) with permission) 

 

Sequence alignments of region 38-188 of all known MARV isolates (Figure 8-3) 

and of region 54-201 of all known ZEBOV isolates (Figure 8-4) clearly suggest that all 

these isolates would compete for the same entry factor. 
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MARV-Ang SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRAGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Ci67 SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP  
MARV-05DRC SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP  
MARV-07DRC SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP  
MARV-09DRC SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Mus SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-“Mus-pp3” SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-“Mus-pp4” SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Ozo SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Pop SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Ravn SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
MARV-Rat SGT LQKTEDVHLM GFTLSGQKVA DSPLEASKRW AFRTGVPPKN VEYTEGEEAK TCYNISVTDP 
 
MARV-Ang SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF 
MARV-Ci67 SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGRVF 
MARV-05DRC SGKSLLLDPP TNVRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF  
MARV-07DRC SGKSLLLDPP TNVRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF  
MARV-09DRC SGKSLLLDPP SNIRDYPKCK TVHHIQGQNP HAQGIALHLW GAFFLYDRVA STTMYRGKVF  
MARV-Mus SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF 
MARV-“Mus-pp3” SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF 
MARV-“Mus-pp4” SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF 
MARV-Ozo SGKSLLLDPP TNVRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGKVF 
MARV-Pop SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGRVF 
MARV-Ravn SGKSLLLDPP SNIRDYPKCK TVHHIQGQNP HAQGIALHLW GAFFLYDRVA STTMYRGKVF 
MARV-Rat SGKSLLLDPP TNIRDYPKCK TIHHIQGQNP HAQGIALHLW GAFFLYDRIA STTMYRGRVF 
 
MARV-Ang TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-Ci67 TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-05DRC TEGNIAAMIV NKTVHKMIFS RQGQGYRH  
MARV-07DRC TEGNIAAMIV NKTVHKMIFS RQGQGYRH  
MARV-09DRC TEGNIAAMIV NKTVHRMIFS RQGQGYRH 
MARV-Mus TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-“Mus-pp3” TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-“Mus-pp4” TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-Ozo TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-Pop TEGNIAAMIV NKTVHKMIFS RQGQGYRH 
MARV-Ravn TEGNIAAMIV NKTVHRMIFS RQGQGYRH 
MARV-Rat TEGNIAAMIV NKTVHKMIFS RQGQGYRH 

 

Figure 8-3. Sequence alignment of Lake Victoria marburgvirus receptor-binding 
regions 

Alignment of GP1 residues 38-188 of all sequenced Lake Victoria marburgvirus (MARV) 
isolates. Variations are in red. Residue 74 of MARV-Ang GP1, which is an alanine and not 
a threonine like in all other MARV isolates, is shown in green. Ci67, Cieplik isolate; DRC, 
Democratic Republic of the Congo isolate; Mus, Musoke isolate; Ozo, Ozolin isolate; Pop, 
Poppinga isolate; Rat, Ratayczak isolate. 
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ZEBOV-Boueé  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN  
ZEBOV-Ecran  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Entsiami  RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Etakangaye RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Gabon94  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Kik  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Makokou  RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-May  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-May8mc  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Mendemba-A RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Mendemba B RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Mvoula  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
ZEBOV-Olloba  RDKLSST NQLRSVGLNL GGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
 
ZEBOV-Boueé  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI  
ZEBOV-Ecran  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
ZEBOV-Entsiami  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
ZEBOV-Etakangaye LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVF 
ZEBOV-Gabon94  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
ZEBOV-Kik  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
ZEBOV-Makokou  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
ZEBOV-May  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
ZEBOV-May8mc  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
ZEBOV-Mendemba-A LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
ZEBOV-Mendemba B LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
ZEBOV-Mvoula  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
ZEBOV-Olloba  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVL 
 
ZEBOV-Boueé  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Ecran  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Entsiami  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Etakangaye YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Gabon94  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Kik  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Makokou  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-May  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-May8mc  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Mendemba-A YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Mendemba B YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Mvoula  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
ZEBOV-Olloba  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 
Figure 8-4. Sequence alignment of Zaire ebolavirus receptor-binding regions 

Alignment of GP1 residues 54-201 of all sequenced Zaire ebolavirus (ZEBOV) isolates. 
Variations are in red. Kik, Kikwit isolate; May, Mayinga isolate 

 

Fc fusion proteins of other ebolaviruses analogous to ZEBOV-May 54-201-Fc, such 

as Côte d’Ivoire ebolavirus isolate Côte d’Ivoire (CIEBOV-CI) 54-201-Fc, Reston 

ebolavirus isolate Pennsylvania (REBOV-Pen) 55-202-Fc, or Sudan ebolavirus isolate Gulu 

(SEBOV-Gul) 54-201, inhibited cell transduction of MLV particles pseudotyped with 

MARV-Mus spike protein, albeit with varying efficiencies (Figure 7-22). For instance, 

while SEBOV-Gul 54-201-Fc still inhibited MARV/MLV cell transduction, it did so much 
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less efficiently than all other ebolaviral RBR-Fcs. It is noteworthy that expression of 

SEBOV-Gul 54-201-Fc resulted in two protein populations migrating as two separate bands 

during SDS-PAGE (Figure 7-18). While the identity of the second, unpredicted, band 

remains to be determined, this observation suggests that experiments performed with this 

protein preparation might have simply contained lower quantities of functional RBR 

compared to preparations of other ebolavirus RBRs. At the time of these experiments, the 

sequence of the fifth ebolavirus, ‘Uganda ebolavirus’ (‘UEBOV’), was not yet known. It 

was determined recently, and sequence alignment of its GP1 residues 54-201 with the 

corresponding residues of all other ebolaviruses imply that this ‘UEBOV’ also uses the 

receptor used by the other ebolaviruses (Figure 8-5).  

 
CIEBOV-CI  RDKLSST SQLKSVGLNL EGNGVATDVP TATKRWGFRA GVPPKVVNYE AGEWAENCYN  
REBOV-Pen  RDKLSST SQLKSVGLNL EGNGIATDVP SATKRWGFRS GVPPKVVSYE AGEWAENCYN  
SEBOV-Gul  KDHLAST DQLKSVGLNL EGSGVSTDIP SATKRWGFRS GVPPKVVSYE AGEWAENCYN  
‘UEBOV-Bundibugyo’ RDKLSST SQLKSVGLNL EGNGVATDVP TATKRWGFRA GVPPKVVNYE AGEWAENCYN  
ZEBOV-May  RDKLSST NQLRSVGLNL EGNGVATDVP SATKRWGFRS GVPPKVVNYE AGEWAENCYN 
 
CIEBOV-CI  LAIKKVDGSE CLPEAPEGVR DFPRCRYVHK VSGTGPCPGG LAFHKEGAFF LYDRLASTII  
REBOV-Pen  LEIKKSDGSE CLPLPPDGVR GFPRCRYVHK VQGTGPCPGD LAFHKNGAFF LYDRLASTVI  
SEBOV-Gul  LEIKKPDGSE CLPPPPDGVR GFPRCRYVHK AGGTGPCPGD YAFHKDGAFF LYDRLASTVI  
‘UEBOV-Bundibugyo’ LDIKKADGSE CLPEAPEGVR GFPRCRYVHK VSGTGPCPEG YAFHKEGAFF LYDRLASTII  
ZEBOV-May  LEIKKPDGSE CLPAAPDGIR GFPRCRYVHK VSGTGPCAGD FAFHKEGAFF LYDRLASTVI 
 
CIEBOV-CI  YRGTTFAEGV IAFLILPKAR KDFFQSPPLH E  
REBOV-Pen  YRGTTFAEGV VAFLILSEPK KHFWKATPAH E 
SEBOV-Gul  YRGVNFAEGV IAFLILAKPK ETFLGSPPIR E 
‘UEBOV-Bundibugyo’ YRSTTFSEGV VAFLILPETK KDFFQSPPLH E  
ZEBOV-May  YRGTTFAEGV VAFLILPQAK KDFFSSHPLR E 

 

Figure 8-5. Sequence alignment of ebolaviral receptor-binding regions 
Alignment of GP1 residues 54-201 of one isolate of each ebolavirus. Variations are in red. 
CIEBOV-CI, Côte d’Ivoire ebolavirus isolate Côte d’Ivoire; REBOV-Pen, Reston 
ebolavirus isolate Pennsylvania; SEBOV-Gul, Sudan ebolavirus isolate Gulu; ‘UEBOV,’ 
‘Uganda ebolavirus;’ ZEBOV-May, Zaire ebolavirus isolate Mayinga 

 

The CIEBOV, REBOV, SEBOV, and ‘UEBOV’ RBR-Fcs have yet to be tested for 

their inhibitory effect on infectious filoviruses. To do so, an assay similar to that described 

here for the evaluation of ZEBOV-May 54-201-Fc could be employed (Chapter 7.1.6). 

Alternatively, quantitative RT-PCR could be used to evaluate the effect of the RBR-Fcs on 
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filovirus replication. In any case, the experiments should be expanded to include not only 

one but all available filoviruses to see whether the extent of replication inhibition exerted 

by the RBR-Fcs differs among the different viruses. Even without these experiments, 

however, the data described above clearly indicate that all filoviruses use at least one 

common cell-entry factor. Recently, another group came to the same conclusion. 

Manicassamy et al., using a viral entry-interference assay, demonstrated that cells 

transfected with MARV spike protein became resistant to transduction with HIV-1-like 

particles pseudotyped with ZEBOV spike protein and vice versa (173). It is not 

unprecedented that several viruses bind to the same receptor. For instance, Radoshitzky et 

al. have recently demonstrated that the New World hemorrhagic fever arenaviruses 

Guanarito virus, Junín virus, Machupo virus, and Sabiá virus all utilize the same human 

cell-surface receptor, transferrin receptor 1 (TfR1) to enter their target cells (219). SARS-

CoV and human coronavirus NL63 (HCoV-NL63) enter cells even by distinct mechanisms 

(with SARS-CoV being dependent on and HCoV-NL63 being independent of cathepsin L 

activity in the endosome) despite angiotensin-converting enzyme 2 (ACE2) being an 

obligate receptor for both (128, 130, 167). Further study will be necessary to clarify if the 

downstream entry processes of marburgviruses and ebolaviruses are similarly distinct. Of 

course, the data presented here do not exclude the possibility that either marburgviruses or 

ebolaviruses or both utilize additional entry factors. For example, it is striking that both 

MARV-Mus 38-188-Fc and ZEBOV-May 54-201-Fc inhibited cell transduction by 

MARV/MLV with comparable efficiencies at low concentrations in a typical dose-

dependent manner (Figure 7-13), whereas the same two proteins inhibited ZEBOV/MLV in 

a more linear manner with different efficiencies at much higher concentrations (Figure 7-

14). These data suggested to some that ZEBOV might enter cells by using the same 

receptor as MARV, while at the same time being able to utilize a second molecule that does 

not bind to MARV. If so, this would mean that ZEBOV GP1 contains a second receptor-

binding site missing in MARV GP1. Theoretically, this is possible. For instance, ZEBOV 

GP1 residues 54-201 contain two overlapping disulfide bonds, whereas only one disulfide 

bond exists within MARV GP1 residues 38-188. Conversely, the remainder of ZEBOV GP1 
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does not contain any disulfide bonds, whereas that of MARV contains one such connection 

(Figures 8-1 and 8-2). These differences in cystine arrangements could lead to rather 

different GP1 tertiary structures and therefore to the exposure of residues able to bind to 

alternative receptors. However, there are currently no experimental data that support this 

hypothesis.  

To date, monovalent filovirus candidate vaccines that protect simultaneously from 

both marburgvirus and ebolavirus infection have not been described. Also, spike-protein 

cross-reactive neutralizing antibodies are not available. The conservation of the filoviral 

receptor-binding regions and their binding to a common receptor suggested the possibility 

of creating such vaccines and antibodies or even small molecules that could inhibit cell 

entry of all filoviruses. The cell-binding data obtained with MARV-Mus and ZEBOV-May 

GP1-Fc truncation variants described in Chapters 7.1.1 and 7.1.2 indicated that the RBRs, 

which bound filovirus-permissive cells with much higher affinity than the full-length 

ectodomains, are cloaked by surrounding amino-acid residues, such as the MLDs. This led 

to the hypothesis that the filoviral RBRs within native spike proteins are altogether 

inaccessible to host immune-system components, such as antibodies. A trigger, such as 

binding to an attachment factor on the surface of a filovirus-permissive cell, subtle pH 

changes, or proteolytic cleavage (by cathepsins or other proteases) could lead to 

conformational changes, thereby exposing the RBRs and allowing them to bind to the 

receptor. Alternatively, the filoviral spike proteins could fluctuate between two 

conformational states, one of which buries the RBRs and one that exposes them. If so, an 

equilibrium that strongly favors the “closed” conformation could explain the absence of 

RBR-neutralizing antibodies in infected animals and humans (Figure 8-8). 
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Figure 8-6. Hypothetical model for the role of filoviral-spike protein mucin-like 
domains 
Filoviral GP1’s mucin-like domain (MLD, blue) covers the receptor-binding region (RBR, 
purple) in the spike protein’s native prefusion state, thereby making it inaccessible to the 
filovirus cell-surface receptor or antibodies (red). Conformational changes, either occurring 
naturally or after exposure to a trigger, remove the MLD, thereby exposing the RBR and 
permitting receptor binding. Since these conformational changes are either short-lived or 
occur directly in the vicinity of the receptor, antibodies do not develop against the RBR. 
However, such antibodies could be raised against the RBR if immunogens were created that 
consisted of the spike protein without the MLD 

 
Shortly before the submission of this dissertation, Lee at al. published the crystal 

structure of a trimeric MLD-deleted ZEBOV-May GP1,2 without its transmembrane anchor 

in its prefusion state (162). The structural data are largely consistent with this hypothesis. 

They demonstrate that GP1 is composed of a single domain. In the trimer, the three GP1 

subunits are arranged to form a chalice that is cradled by the GP2 subunits. “Glycan caps,” 

consisting of regions downstream of the RBRs, restrict access to the RBRs. The structural 

data also project the MLDs on top and to the side of these caps, thereby cloaking the RBRs 

even further (Figure 8-9).  
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Figure 8-7. Crystal structure of trimeric mucin-like domain-deleted Zaire ebolavirus 
isolate Mayinga spike protein in its trimeric prefusion state (162) 
The colored regions represent one monomer of trimeric mucin-like domain-deleted (MLD-
deleted) spike protein (GP1,2). Left: side-view of the protein (the viral membrane would be 
located on the bottom). Right: top (receptor’s) view of the protein (the viral membrane 
would be located underneath). Pink and purple: GP1. Pink: GP1’s receptor-binding region 
(RBR); purple: RBR-flanking regions, including the “glycan cap” (left, on top of the RBR); 
dark green: GP2. The MLDs are projected to sit on top and to the sides of the “glycan caps” 
(not shown) 

 

The crystal structure also provides an explanation for the actions of cellular 

cathepsins during filovirus cell entry. A short loop at the very C-terminus of the ZEBOV-

May RBR (residues 190-213) connects the receptor-binding site on the near-top of the 

chalice with the base of GP1. This loop is exposed enough to suggest that cathepsins may 

cleave it, probably around residue 190. Consequently, the entire “glycan cap” and the MLD 

would be removed and expose the RBR further. This suggests that the observed increase in 

cell-surface affinity of the series of C-terminal GP1 truncation variants up to residue 201 

(Figure 7-8) mimics the actions of cathepsins, with each shorter truncation variant 

containing less of the sterically hindering RBR-flanking regions and therefore a more 

exposed RBR. 

Together, the structural data emphasize the hypothesis that immunogens consisting 

of filoviral spike proteins devoid of the MLD and RBR-flanking sequences should be able 

to induce antibodies that may cross-react with the RBRs of heterologous filoviruses. Here, 
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it is shown that purified protein preparations of MARV-Mus 38-188-Fc or ZEBOV-May 

54-201-Fc induced such cross-neutralizing antibodies in mice (Figure 7-44). Sera from 

mice immunized with either MARV-Mus 38-188-Fc or ZEBOV-May 54-201-Fc inhibited 

replication of infectious ZEBOV-May (Figure 7-46), clearly proving the efficacy of cross-

neutralizing antibodies in vitro. Mice immunized with ZEBOV-May 54-201-Fc were 

completely protected from infection with mouse-adapted ZEBOV-May. More importantly, 

50% of the mice immunized with MARV-Mus 38-188-Fc were protected from infection 

with mouse-adapted ZEBOV-May as well (Figure 7-47). This is the first report of a 

monovalent cross-protective filovirus candidate vaccine. Unfortunately, it could not be 

tested whether ZEBOV-May 54-201-Fc also cross-protects from infection with MARV. 

Whereas the mouse model for ZEBOV-May infection is well established (33), a mouse 

model for MARV did not exist at the time of the described experiments. Recently, 

however, Warfield et al. established such a model for three isolates of MARV in severe-

combined immunodeficiency (SCID) mice (290), which will facilitate the evaluation of the 

RBR immunogens in the near future. Clearly, it is also necessary to evaluate whether the 

RBR immunogens also work in different types (for instance BALB/c) of immunocompetent 

mice. The level of conservation of the filovirus RBRs and the immunization results 

obtained thus far suggest that it should be possible to develop an efficacious pan-filovirus 

vaccine. Such a vaccine might be easy to produce in biofermenters, be advantageous for 

transport even in rural areas in the absence of a cold chain because it could be lyophilized, 

and it could be safer and more efficacious than other candidate vaccines because of the 

absence of replicating platforms (VSIV or HPIV-3 candidate vaccines) and the absence of 

background immunity against vector backbones (adenovirus candidate vaccines). More 

studies need to be performed to evaluate whether the overall extent of cross-protection can 

be increased from the currently observed 50% to 100% by, for instance, changing the 

intervals of booster immunizations, amount of immunogen or type of adjuvant. Also, it may 

be useful to evaluate the CIEBOV, REBOV, SEBOV, and ‘UEBOV’ RBR-Fcs for their 

availability to protect animals from infection with homologous or heterologous filoviruses 

as one may have superior immunogenic qualities over the others. Furthermore, 
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immunization results in mice do not necessarily predict success in guinea-pig or nonhuman 

primate models. Therefore, it won’t be known whether the RBR subunit preparations are 

truly viable candidate vaccines for ape and human populations at risk of filovirus infection 

until challenge studies have been performed in different animal models. Unfortunately, it is 

not trivial to perform these experiments. This is because the filoviral RBR-Fc preparations 

described in this dissertation are extremely difficult to procure. For instance, functional 

MARV-Mus 38-188-Fc expresses in mammalian tissue culture (HEK 293T cells) only to 

levels of ~0.1 μg/ml supernatant. This means that for the described mouse experiment with 

MARV-Mus 38-188-Fc, more than 520 175 cm2 flasks of HEK 293T cells needed to be 

transfected with the appropriate expression plasmid to yield the necessary amount of 

protein needed for the immunization schedule described in Figure 7-43. Since guinea pigs, 

and especially nonhuman primates, are considerably larger than mice, much larger amounts 

of RBR-Fc would have to be produced for immunization, a task that is not viable both from 

workload and financial perspectives. Furthermore, the RBR-Fc preparations are sensitive to 

both speed and type of elution from protein A-sepharose Fast Flow beads used for 

purification. For example, while acid elution yielded functional proteins as long as 

neutralization occurred rapidly after elution, salt elution resulted in misfolded and/or 

aggregating preparations. Attempts to purify RBR-Fcs from suspension cells cultured in 

roller bottles or, with the help of a company, in bioreactors have so far not yielded 

functional proteins. One way of overcoming this problem may be to exchange the Fc tag 

for, for instance, an HA, myc or FLAG tag, which may change expression levels and 

purification conditions. However, thus far all attempts to purify RBRs not tagged with Fc 

regions have failed. Likewise, the production of His-tagged RBRs from bacteria or insect 

cells resulted only in dysfunctional proteins unable to inhibit cell transduction of MLV 

pseudotyped with filoviral spike proteins. Another possibility may be to subject the RBRs 

to alanine and glycine scanning to select for better expressing variants. This approach is 

currently pursued in the laboratory. Alternatively, the now available crystal structure of 

ZEBOV-May GP1 (162) may aid in the design of improved (longer or shorter) RBR 

variants that could better accommodate the Fc or other tags and be expressed to higher 
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levels. Finally, it may be possible to fuse the RBRs to transmembrane anchors and express 

these proteins from recombinant vesiculoviruses or human parainfluenzaviruses. While 

some advantages of subunit vaccines would be lost this way, this strategy could still result 

in a pan-filovirus vaccine, whose creation is of utmost priority.  

Another priority in filovirus research is the establishment of potent antivirals both 

for treatment of individuals with filoviral hemorrhagic fever, as well as for post-exposure 

prophylaxis for laboratory workers after accidental infection. The data presented here 

suggest that filovirus-neutralizing antibodies could be efficient antivirals in vivo, and that 

one particular antibody could possibly suffice to treat infections with or exposures to any of 

the known filoviruses. Experiments are currently ongoing in Sina Bavari’s laboratory to 

identify and characterize the neutralizing antibodies raised during the mouse inoculations. 

The identification of cellular receptors that mediate virus entry can 

contribute to the development of antiviral therapies and vaccines, and provide 

insight into the pathogenesis of viral diseases. Multiple approaches have been used 

to identify viral receptors, including library screens (28), virus-overlay protein-

binding assays (VOPBAs) (44), anti-idiotypic antibodies (95), and logical inference 

from what is known about a given virus and its host (154). None of these 

approaches has led to identification of more than a few receptors, and all of them 

are labor-intensive and present difficulties when receptors are expressed 

ubiquitously or are part of multi-component complexes. One increasingly important 

methodology for characterizing protein-protein interaction uses 

coimmunoprecipitation and identification of binding partners via mass 

spectrometry. This approach has led to the rapid and unequivocal identification of 

the receptors for SARS-CoV (167), Hendra and Nipah viruses (199), and the New 

World hemorrhagic fever arenaviruses Guanarito, Junín, Machupo, and Sabiá (219). 

In brief, fusion proteins, consisting of the ectodomain of the spike protein of a given 

virus and the Fc domain of human IgG1 are synthesized in vitro and used to 

immunoprecipitate candidate receptors from lysates of virus-permissive cells. Such 

binding partners are then separated on polyacrylamide gels, excised, trypsinized, 
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and their peptides sequenced using mass spectrometry (Figure 8-7). Identified 

proteins that localize to the cell surface and have a cell-expression pattern that 

overlaps with the known virus tissue tropism are subsequently cloned and expressed 

in virus-resistant cells. These cells are then challenged with retrovirus (MLV-, SIV- 

or HIV-1-based) particles pseudotyped with the full-length viral spike protein and 

expressing a marker gene, enhanced green fluorescent protein (eGFP), to test for 

successful transduction. Identification of viral receptors has led to 1) the 

development of candidate entry inhibitors, 2) the clarification of the tissue-tropism 

of the respective viruses and thereby to a better understanding of pathogenesis, and 

3) insight into the varying efficiencies of viral replication in different animal species 

and thereby into zoonotic transmission (158, 220). 

 The filoviral RBR-Fc molecules described here are currently being used as bait 

proteins for the identification of the unknown common filovirus receptor. As described 

above, filovirus-permissive cells, such as Vero E6 cells, are incubated with ZEBOV-May 

54-201-Fc or MARV-Mus 38-188-Fc, therefore allowing those fusion proteins to bind to 

the receptor. The cells are then lysed with various detergents to remove the receptor from 

the cell membrane, and the receptor-RBR-Fc complexes are isolated from the lysates using 

Fc-specific protein A-sepharose Fast Flow beads. Proteins bound to the RBRs are then 

analyzed using polyacrylamide gel electrophoresis (PAGE) and identified using mass 

spectrometry. 
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Figure 8-8. Principle of virus-receptor identification by coimmunoprecipitation 
Filovirus-permissive cells are incubated with purified filoviral receptor-binding GP1 
fragments such as the receptor-binding region (RBR) C-terminally fused to the Fc region of 
an IgG or with control Fc fusion proteins. The filoviral, but not the control, fragments bind 
to the unknown filovirus receptor. The cells are lysed using detergent, and the lysate is 
cleared of cellular debris. The receptor-bait complexes are incubated with protein A-
sepharose beads, which bind to the Fc region of the bait proteins. Beads are spun down and 
washed. The proteins are released from the beads by boiling, and subjected to 1D or 2D 
polyacrylamide gel electrophoresis (PAGE). Bands present in lysates of cells incubated 
with filoviral Fc bait proteins, but not present in lysates of cells incubated with control Fc 
bait proteins, are excised, sequenced, and identified by mass spectrometry 

 

Thus far, the receptor has not been identified using this approach, although several 

receptor candidates were immunoprecipitated that later turned out to bind to the RBRs 

unspecifically (data not shown). For one, the experiments are hindered by the low 

expression levels of the filoviral RBR-Fcs and therefore the low availability of receptor-bait 

proteins, which do not allow screening of multiple cell types under a large variety of 

experimental conditions. Furthermore, both MARV-Mus 38-188-Fc and ZEBOV-May 54-

201-Fc do not bind cell surfaces in a saturable manner, suggesting that parts of the RBRs 
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are in fact unnecessary for receptor binding and either mediate the additional binding to 

filovirus-nonspecific cell-surface factors (attachment factors) or destabilize the RBRs, 

thereby leading to their aggregation on the cell surface. The ZEBOV-May spike-protein 

crystal structure (162) suggests that RBRs shorter than 54-201 could be synthesized. In 

fact, truncation variants 76-201 and 76-172 (which could not be expressed as an Fc fusion 

protein) should still be functional. However, analysis of the GP1 structural data clearly 

suggests that the large C-terminal Fc tag might occlude the receptor-binding site in 

constructs ending in residue 172. Such occlusion by the tag could also explain why some of 

the longer GP1 truncation variants bound filovirus-permissive cells less efficiently than 

ZEBOV-May 54-201-Fc. As described above, substituting the Fc tag for other tags has so 

far not resulted in functional (MLV cell transduction-inhibiting) RBRs. Consequently, 

further mutational studies need to be performed to yield improved receptor-bait proteins. 

One alternative to further truncations is to increase the affinity of the RBRs through the 

introduction of point mutations. As mentioned above, residues D55, L57, L63, R64, G87, F88, 

K95, K114, K115, K140, G143, P146, C147, F153, H154, F159, F160, Y162, and I170 were suggested to 

be crucial for ZEBOV-May GP1 receptor binding (37, 172, 193). Mutation of residues F88 

and F159 to alanine abolished cell transduction with retroviral pseudotypes (37, 193). 

Therefore, these mutations were introduced into ZEBOV-May 54-201-Fc (54-201F88A-Fc, 

54-201F159A-Fc) by site-directed mutagenesis with the aim of creating nonfunctional bait 

proteins as ideal negative controls for receptor coimmunoprecipitation experiments. 

However, both 54-201F88A-Fc and 54-201F159A-Fc bound filovirus-permissive cells 

comparable to 54-201-Fc and inhibited cell transduction by MLV pseudotyped with 

filoviral spike proteins (data not shown). Supporting these results, three murine antibodies 

(1E1, 2D3, and 1F6), raised against the F88 epitope and provided by Carolyn Wilson (Food 

and Drug Administration, Bethesda, MD, USA) within a collaboration, inhibited cell 

transduction by MLV pseudotyped with filoviral spike proteins, but did not interfere with 

cell-surface binding of 54-201-Fc (data not shown). Brindley et al. reported that 

simultaneous mutation of residues G74 and V75 or V96 and V97 to alanines resulted in spike 

proteins that mediated cell entry approximately four times more efficiently than wild-type 
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spike protein (37). Therefore, these mutations were introduced into ZEBOV-May 54-201-

Fc (54-201G74A,V75A-Fc and 54-201V96A,V97A-Fc) by site-directed mutagenesis with 

the aim of creating an RBR with higher affinity to the filovirus receptor. Unfortunately, 

these constructs bound filovirus-permissive cells and inhibited transduction by pseudotypes 

to the same level as 54-201-Fc (data not shown). The crystal structure of ZEBOV-May 

spike protein, published after these experiments were performed, suggests that residues D55, 

L57, L63, and R64 are important for fusion-mediated conformational changes of GP1,2. 

Residues F159, F160, Y162, and I170 are buried within GP1 and stabilize the protein. Residues 

G87, F88, F153, and H154 pack against hydrophobic residues. Only six of the implicated 

residues above, K114, K115, K140, G143, P146, and C147, are surface-exposed and probably 

comprise the receptor-binding site (162) (Figure 8-9). These results explain why 54-

201F88A-Fc and 54-201F159A-Fc are still functional RBRs – the exchanged residues do 

not partake in receptor binding. The crystal structure also reveals that residues G74 and V75 

are located far away from the predicted receptor-binding site at the base of the GP1 chalice 

close to GP2, and that residues V96 and V97 are buried within the molecule (162). These 

locations suggest that spike proteins containing the G74A/V75A and V96A/V97A 

mutations mediate improved cell entry not through improved receptor binding but rather by 

easing conformational changes during the fusion process. 
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Figure 8-9. The receptor-binding sites of trimeric mucin-like domain-deleted Zaire 
ebolavirus isolate Mayinga spike protein in its trimeric prefusion state (162) 
Left: Magnification of one GP1 monomer. Right: top (receptor’s) view of trimeric GP1,2 
(the viral membrane would be located underneath). Grey: GP1; green: GP2; cyan: residues 
suggested to be of importance for receptor binding (K114, K115, K140, G143, P146, and C147) 
and located within the projected receptor-binding site 

 

Clearly, additional mutational studies need to be performed to further define the 

filovirus RBRs, and to increase their expression properties, as well as their affinities to the 

filovirus receptor, if the coimmunoprecipitation approach is to be pursued. 

The most intriguing result of this dissertation is the observation that ZEBOV-May 

secreted glycoprotein (sGP-Fc) and secondary secreted glycoprotein (ssGP-Fc), both of 

which contain ZEBOV-May spike protein’s region 54-201, did not bind to filovirus-

permissive cells (Figure 7-24) and barely inhibited GP1,2-mediated entry (Figure 7-27), 

whereas sGP’s C-terminal cleavage product Δ-peptide (Δ-Fc) did both very efficiently. 

That sGP-Fc and ssGP-Fc did not interact with the unknown filovirus receptor is not 

necessarily surprising, as their structures are most likely very different from that of the 

spike protein. For instance, ZEBOV spike protein is a trimer of GP1-GP2 heterodimers 

(162). On the other hand, ZEBOV sGP forms a parallel homodimer defined by two 
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intermolecular disulfide bonds at both the N- and C-termini of each monomer (16) (Figure 

5-8). ssGP is most likely a monomer, or possible a dimer, formed by a so far hypothetical 

single intermolecular disulfide bond (286) (Figure 5-11). These different quaternary 

arrangements probably lead to vastly different folding patterns, one result of which could 

be the loss of the receptor-binding function of the RBR within sGP and ssGP. Barrientos et 

al. recently characterized the structure of ZEBOV sGP using chemical methods. Their 

results support this hypothesis at least for sGP. Accordingly, sGP folds into a structure 

predominantly containing β-sheets that permits reversible folding under a wide range of 

conditions. Barrientos et al. speculate that the secreted sGP is some kind of a molecular 

switch in the sera of ebolavirus-infected animals that changes conformation depending on 

local changes in milieu (17). There is currently no information available on the structure of 

ssGP. However, ssGP consists of 295 N-terminal amino-acid residues identical to those of 

GP1 fused to only two unique C-terminal residues. This sequence suggested that ZEBOV-

May ssGP-Fc should display a cell-binding and transduction-inhibitory pattern similar to 

ZEBOV-May GP1 truncation variant 33-308-Fc. Indeed, 33-308-Fc barely bound to 

filovirus-permissive cells (Figure 7-8). However, 33-308-Fc was not evaluated for correct 

folding. Additionally, since the functions of sGP and ssGP, if any, remain unknown, it was 

impossible to evaluate whether the expressed sGP- and ssGP-Fc fusion proteins were 

folded correctly. Specific, conformation-dependent antibodies against sGP or ssGP are not 

yet available, either. Also, the Fc tags could have interfered with the structure of the two 

proteins. Thus, the possibility remains that these two secreted glycoproteins do bind to the 

filovirus receptor after all and that this binding was not detected in the assays described. 

Much more interesting, however, is that the C-terminal cleavage product of ebolaviral sGP, 

Δ-peptide, behaved reminiscent of filoviral RBRs at least when fused to Fc. In fact, 

CIEBOV, SEBOV, and ZEBOV Δ-Fc bound exclusively to filovirus-permissive cells 

(Figure 7-29), inhibited the replication of infectious ZEBOV-May (Figure 7-33), and 

inhibited cell transduction by MLV pseudotyped with MARV-Mus spike protein (Figure 7-

32). REBOV Δ-Fc on the other hand inhibited cell transduction only minimally (Figure 7-

32) and infectious ZEBOV-May replication not at all (Figure 7-33) (the sequence of the 
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‘UEBOV’ Δ-peptide was not known at the time of the experiments). This is intriguing 

because REBOV is the only filovirus currently suspected to be apathogenic for humans, 

which suggests that filoviral Δ-peptides could be virulence factors. For instance, a guinea 

pig-adapted ZEBOV-May strain (ZEBOV-May-8mc), which is mutated in the GP gene 

editing site and therefore produces only minute amounts of sGP, was found to be more 

virulent than wild-type virus (3, 134, 280). Since Δ-peptides are produced by furin-

mediated proteolytic cleavage of maturing sGP, it is possible that it is not the lack of 

expressed sGP, but the lack of expressed Δ-peptide that makes this virus more virulent. 

This hypothesis could be addressed by creating a Δ-peptide knock-out virus using the 

available reverse genetics system for ZEBOV (270). For instance, the furin-cleavage site 

within sGP could be mutated to prevent cleavage of sGP and therefore individual secretion 

of Δ-peptide during virus replication, or a stop codon could be introduced into the sequence 

prior to the one encoding the furin-cleavage site to prevent synthesis of Δ-peptide. Cell-

culture and animal experiments could then be performed in which the replication and 

pathology induced by these various viruses is compared to wild-type virus, and Δ-peptide 

could be provided in trans to see whether changes in virulence of the mutated viruses could 

be reverted to wild-type levels.  

At this moment, it remains difficult to speculate on the mode of action of Δ-

peptides. A closer look at their sequences reveals 1) that the amino-acid sequences of the Δ-

peptides of each individual ebolavirus (CIEBOV, REBOV, SEBOV, ‘UEBOV,’ and 

ZEBOV) are 100% conserved among all known and sequenced isolates of these viruses, but 

2) that they vary greatly among each other (Figure 8-10).  



   206

 

 
Figure 8-10. Sequence alignment of ebolaviral Δ-peptides 
Δ-peptides of each individual ebolavirus are 100% identical irrespective of the analyzed 
isolate, but they vary greatly among each other. Highlighted residues indicate residues 
identical in all five (brown), four (cyan) or at least three ebolaviral Δ-peptides (green). 
CIEBOV, Côte d’Ivoire ebolavirus; REBOV, Reston ebolavirus; SEBOV, Sudan 
ebolavirus; ‘UEBOV,’ ‘Uganda ebolavirus;’ ZEBOV, Zaire ebolavirus 

 
Sequence comparisons revealed no similarities among ebolaviral Δ-peptides and 

filoviral RBRs or spike proteins. Furthermore, computational blast analyses did not reveal 

any protein or peptide sequence remotely related to Δ-peptides. The conserved amino-acid 

sequence in the center of the peptides (Figure 8-10) does not seem to play a crucial role for 

their function, as the mutation of several of these conserved residues in SEBOV Δ-Fc (Δ1-

48-Fc) to alanines (ΔW18A-Fc, ΔR21A-Fc, and ΔW26A-Fc) did not impair cell binding or 

transduction inhibition considerably (Figures 7-38 and 7-40). On the other hand, 

consecutive truncation of SEBOV Δ-Fc’s C-terminus (Δ1-39-Fc, Δ1-33-Fc, Δ1-28-Fc, and 

Δ1-17-Fc) did result in progressive loss of function (Figure 7-40). A chimera consisting of 

the N-terminal half of SEBOV Δ-peptide and the C-terminal half of REBOV Δ-peptide 

(SRΔ-Fc) behaved like full-length REBOV Δ-Fc and inhibited cell transduction by 

MARV/MLV only minimally, whereas a chimera consisting of the N-terminal half of 

REBOV Δ-peptide and the C-terminal half of SEBOV Δ-peptide (RSΔ-Fc) mimicked 

SEBOV Δ-Fc and inhibited transduction efficiently (Figure 7-40). Together, these results 

suggest that ebolaviral Δ-peptides mediate their function through their C-termini. Mutant 

Δ28-48-Fc, which consists only of SEBOV Δ-peptide’s C-terminus inhibited cell 

transduction by MARV/MLV only minimally (Figure 7-40). This observation suggests that 

Δ-peptide’s N-terminus is most likely important for its function (for instance, by mediating 

correct folding of the peptide), but not for binding to its cell-surface partner. This notion is 
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also supported by the observation that the introduction of mutations into the N-terminal half 

of the peptide (ΔT9A-Fc, ΔS14A-Fc) did not decrease the inhibitory effect on cell 

transduction by MARV/MLV, and by the fact that consecutive N-terminal truncation 

variants up to residue 28 did not express. A closer look at the C-termini of ebolaviral Δ-

peptides (Figure 8-10) led to the conclusion that they must exert their inhibitory effects 

through charged interactions as no sequence similarity is obvious. Further mutational 

studies are currently ongoing in an attempt to convert REBOV Δ-Fc into an efficient 

filovirus cell-entry inhibitor by introducing additional positively charged residues and/or 

SEBOV Δ-peptide-like residues into its C-terminus. 

The fact that ebolaviral Δ-peptides bind with high affinity to filovirus-permissive 

cells but not to filovirus-resistant cells, and that they inhibit replication of infectious 

ZEBOV and MARV spike protein-mediated cell entry suggests that these peptides might 

bind to the common filovirus receptor. If so, another approach to identify the filovirus 

receptor may be to use ebolaviral Δ-Fcs as bait proteins in coimmunoprecipitation 

experiments. A closer look at the ZEBOV-May GP1,2 crystal structure (162) raises the 

possibility that the linear arrangement of certain residues in the C-termini of Δ-peptides 

might indeed mimic GP1,2’s receptor-binding site, in which similar residues are arranged 

three-dimensionally in close proximity (Figure 8-11).  
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Figure 8-11. Comparison of the C-termini of ebolaviral Δ-peptides with the receptor-
binding site suggested by the crystal structure of mucin-liked domain-deleted Zaire 
ebolavirus isolate Mayinga GP1,2 (162) 
Top: alignment of ebolaviral Δ-peptides. Highlighted in color are residues that may or may 
not imitate residues in the ebolaviral spike-proteins receptor-binding site (RBS) by either 
charge or structure. CIEBOV, Côte d’Ivoire ebolavirus; REBOV, Reston ebolavirus; 
SEBOV, Sudan ebolavirus; ‘UEBOV,’ ‘Uganda ebolavirus;’ ZEBOV, Zaire ebolavirus. 
Middle, left: ZEBOV-May GP1,2 (top view). Middle, right: ZEBOV-May GP1,2 (tilted side 
view). Bottom: ZEBOV-May GP1,2 (magnified tilted side view). Red (middle, bottom): 
ZEBOV-May GP1,2 amino-acid residues K115, P146, C147. Purple (middle, bottom): ZEBOV-
May GP1,2 amino-acid residues E112, E120. Blue (middle, bottom): ZEBOV-May GP1,2 
amino-acid residues K114, G143, K140. 
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 However, the data presented here are ambiguous as to whether these peptides truly 

bind the receptor. In competition-binding experiments, 800 nM of SEBOV Δ-mFc reduced 

cell binding of 200 nM MARV-Mus 38-188-Fc by roughly 50%. Vice versa, 800 nM of 

MARV-Mus 38-188-Fc reduced cell binding of 200 nM of SEBOV Δ-mFc roughly by 50% 

(Figure 7-41). However, this experiment can only be taken as a hint for possible 

competition of ebolaviral Δ-peptides and RBRs for a common molecule because it was 

impossible to reach cell-surface saturation with either Δ-Fc or RBR-Fc independent of 

which concentration was used (up to 2 μM, data not shown). Furthermore, this kind of 

experiment could at best demonstrate competition for the same or directly neighboring 

binding sites of the unknown filovirus receptor. Absent competition would not exclude the 

possibility that the peptides bind the receptor at a different location than the RBRs, thereby 

leading either to allosteric structural changes in the receptor that could lead to the occlusion 

of the spike protein-binding site or to the inhibition of events necessary for filovirus cell 

internalization that occur downstream of receptor-binding. 

Another important point to keep in mind is that all experiments described here were 

performed with ebolaviral Δ-peptides fused C-terminally to Fc tags. It is quite possible that 

the large tags interfere with or modulate the peptides’ functions and, for instance, change 

them from entry facilitators to entry inhibitors. Experiments to address this possibility have 

thus far failed because the exchange of the Fc tag for other, shorter, tags has resulted in 

peptides that were expressed at levels too low for follow-up experiments (data not shown). 

Chemically synthesized SEBOV Δ-peptide (Biomatik Corporation, Wilmington, DE, USA) 

did not have measurable effects on cell transduction with MARV/MLV or replication of 

infectious ZEBOV (data not shown). This result is not surprising, as it is not known at this 

point in time whether Δ-peptides are post-translationally modified and whether their 

conserved cysteine residues are used to form intermolecular or intramolecular disulfide 

bonds. It is feasible to assume that the Fc tag of Δ-Fc, which forms dimers, forces the Δ-

peptide into a dimeric structure it would otherwise assume through the formation of 

intermolecular disulfide bonds. Since the chemically synthesized peptide was unmodified, 
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such a dimer would not have been present in the chemical preparation and the monomer 

could have been misfolded or nonfunctional. 

 The data presented here suggest that post-translational modifications of Δ-peptides 

could also control their function as filovirus cell-entry modifiers. For instance, mutating 

SEBOV Δ-peptide residue T9 to alanine (SEBOV ΔT9A-Fc) did lead to a migration shift 

during PAGE analysis (data not shown), more efficient binding to filovirus-permissive cells 

(Figure 7-38), and an unaltered ability to inhibit MARV/MLV cell transduction (Figure 7-

40). In this regard it is also interesting to remember that SEBOV Δ-Fc is the longest of the 

ebolaviral Δ-peptides, yet it migrated lower than the other peptides during SDS-PAGE 

(Figure 7-28). This observation suggests that CIEBOV, REBOV, and ZEBOV Δ-peptides 

contain additional glycosylation sites or other posttranslational modifications, which could 

be responsible for the differences observed among them in MLV cell transduction-

inhibition assays. 

At the moment, two hypotheses as to the role of Δ-peptides in ebolaviral 

hemorrhagic fever pathogenesis are under evaluation. First, it will be tested whether Δ-

peptides are secreted from cells infected with ebolaviruses in amounts sufficient enough to 

modulate cell entry. If so, the peptides could be expressed by ebolaviruses to prevent the 

infection of cells already infected (superinfection). For instance, the peptides secreted from 

an ebolavirus-infected cell could bind to the filovirus receptor on the very same cell and 

thereby block it as a receptor for additional virus particles. Since marburgviruses do not 

express Δ-peptides, this would mean that these viruses either have developed alternative 

ways to prevent superinfection or simply do not prevent it all. Experiments to address these 

questions could be set up using recombinant filoviruses expressing reporter proteins that 

fluoresce in different colors. For instance, an eGFP-expressing Δ-peptide knock-out virus 

could be used to infect cells later challenged with a red-fluorescent protein-expressing virus 

in the presence or absence of Δ-peptide, and cells could then be analyzed for simultaneous 

expression of both fluorescent proteins. Similar experiments could then be performed with 

recombinant marburgviruses, used, for instance, as the superinfecting viruses of cells 

already infected with ebolaviruses. Of course, ebolaviral Δ-peptides also could interfere 
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with steps of the viral entry process other than receptor binding. Here, data are presented 

that exclude the modulation of cathepsin B by SEBOV Δ-Fc (Figure 7-42), which is but 

one factor playing an important role in filovirus cell entry. Further experiments are 

necessary to rule out an effect of Δ-peptides on cathepsin L as well, and to determine 

whether Δ-peptides penetrate cells either directly or by endocytosis as they could, for 

instance, act in the endosome rather than on the cell-surface in the absence of Fc tags. 

Second, it can be imagined that the filovirus receptor is transported to the cell 

surface using the same route filoviruses use for egress. In such a case, Δ-peptides could 

prevent the binding and thereby trapping of budding virions to the receptor inside of the 

virus-producing cell. Currently, not enough data have been published on differences and 

similarities of marburgvirus and ebolavirus cell egress to support this hypothesis at least by 

seemingly circumstantial data. It is, however, possible that marburgviruses and ebolavirus 

viruses use different routes for budding and that these different routes explain why 

marburgviruses could exit cells efficiently in the absence of Δ-peptides, whereas 

ebolaviruses could not. 



9 SUMMARY 

The GP1,2 spike proteins of filoviruses (marburgviruses and ebolaviruses) mediate viral 

cell-surface attachment, membrane fusion, and entry into cells expressing the unknown 

filovirus receptor(s). Here, it is shown that a 151 amino-acid fragment of the Lake Victoria 

marburgvirus GP1 subunit (residues 38-188), fused to the Fc region of human IgG1, bound 

filovirus-permissive cell lines more efficiently than full-length GP1. An analogous 148 

amino-acid fragment of the Zaire ebolavirus GP1 subunit (residues 54-201) similarly bound 

the same cell lines more efficiently than a series of longer GP1-truncation variants. Neither 

the marburgvirus GP1 fragment, nor that of ebolavirus, bound to filovirus-resistant 

lymphocyte cell lines thought not to express the filovirus receptor. Both Lake Victoria 

marburgvirus 38-188-Fc and Zaire ebolavirus 54-201-Fc specifically inhibited the 

replication of infectious Zaire ebolavirus, as well as transduction of filovirus-permissive 

cells by gammaretroviruses pseudotyped with either the Lake Victoria marburgvirus or the 

Zaire ebolavirus GP1,2 spike protein. Similarly, GP1-Fc fusion fragments of Côte d’Ivoire 

ebolavirus, Reston ebolavirus, and Sudan ebolavirus, corresponding to Zaire ebolavirus 

GP1 residues 54-201, inhibited gammaretroviruses pseudotyped with Lake Victoria 

marburgvirus GP1,2. These studies identified the receptor-binding regions (RBRs) of 

marburgviruses and ebolaviruses, and demonstrated that all filoviruses utilize at least one 

common receptor. 

In addition to the GP1,2 spike glycoprotein, ebolaviruses, but not marburgviruses, 

express two secreted glycoproteins, sGP and ssGP, from the GP gene by cotranscriptional 

editing. All three proteins have identical N-termini that include residues 54-201. However, 

it is shown that neither sGP-Fc nor ssGP-Fc binds to filovirus-permissive cells. Both 

proteins were unable to inhibit transduction of such cells by gammaretroviruses 

pseudotyped with the Lake Victoria marburgvirus GP1,2 spike protein, indicating that they 

do not bind to the filovirus receptor. Instead, it is shown that Fc-conjugated Δ-peptide, 

which is a short C-terminal cleavage product of sGP bearing no sequence similarity to the 

filoviral RBRs, inhibited pseudotyped gammaretroviruses and infectious Zaire ebolavirus 
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specifically and in a dose-dependent manner. Δ-Fc derived from Côte d’Ivoire, Sudan, and 

Zaire ebolavirus sGP inhibited Lake Victoria marburgvirus GP1,2 spike protein-mediated 

entry and replication of infectious Zaire ebolavirus comparably or better than Zaire 

ebolavirus 54-201-Fc. Interestingly, Δ-Fc derived from sGP of Reston ebolavirus, thought 

to be the only filovirus apathogenic for humans, had little or no effect. These data suggest 

that Δ-peptides modulate filovirus cell entry and may be important virulence factors. 

Last, the immunogenic properties of filoviral RBR-Fcs were evaluated in a lethal 

ebolavirus mouse model. C57/BL6 mice were immunized on days 0, 21, and 35 with Zaire 

ebolavirus 54-201-Fc + RIBI adjuvant or Lake Victoria marburgvirus 38-188-Fc + RIBI 

adjuvant and challenged with mouse-adapted Zaire ebolavirus on day 62. All mice 

immunized with Zaire ebolavirus 54-201-Fc survived otherwise lethal challenge without 

showing any signs of disease. Half of the mice immunized with Lake Victoria marburgvirus 

38-188-Fc also survived otherwise lethal Zaire ebolavirus infection. Sera collected from 

mice immunized with Zaire ebolavirus 54-201-Fc or Lake Victoria marburgvirus 38-188-Fc 

neutralized Zaire ebolavirus infection of Vero E6 cells, and strong cytotoxic T-lymphocyte 

responses were detected in mice immunized with either RBR-Fc. This is the first report of a 

cross-protective filovirus candidate vaccine. 

______________________________________________________________________ 

GERMAN SUMMARY 
Das Oberflächenprotein der Filoviren (Marburg- und Ebolaviren), GP1,2, ist verantwortlich 

für die Oberflächenadsorption an, Membranfusion mit, und Penetration von Zellen, welche 

den noch unbekannten Filovirusrezeptor exprimieren. Hier wird gezeigt, dass ein aus 151 

Aminosäuren bestehendes und mit der Fc-Region von humanem IgG1 fusioniertes Lake 

Victoria marburgvirus GP1-Fragment (Aminosäuren 38-188; 38-188-Fc) mit höherer 

Affinität an filovirusempfängliche Zellen bindet als unverändertes GP1. Das analoge Zaire 

ebolavirus GP1-Fragment, bestehend aus 148 Aminosäuren (Aminosäuren 54-201) und der 

Fc-Region von humanem IgG1 (54-201-Fc), band an die gleichen Zellen mit ebenfalls 

höherer Affinität als längere Fragmente. Weder das Marburgvirus, noch das Ebolavirus 



   214

GP1-Fragment vermochte es, an filovirusresistente Lymphozyten zu binden, von welchen 

vermutet wird, dass sie den Filovirusrezeptor nicht exprimieren. Sowohl Lake Victoria 

marburgvirus 38-188-Fc, als auch Zaire ebolavirus 54-201-Fc, hemmten die Replikation 

von infektiösem Zaire ebolavirus und die Transduktion filovirusempfänglicher Zellen durch 

Gammaretroviren, die mit Lake Victoria marburgvirus oder Zaire ebolavirus GP1,2-

Oberflächenproteinen pseudotypisiert waren. Analoge Fc-Fusionskonstrukte, welche die 

zum 54-201-Fragment analogen Sequenzen der GP1-Proteine von Côte d’Ivoire, Reston, 

oder Sudan ebolavirus enthielten, hemmten ebenfalls die Zelltransduktion durch Lake 

Victoria marburgvirus GP1,2 pseudotypisierte Gammaretroviren. Diese Experimente 

identifizierten die Rezeptorbinderegionen (RBR) der Marburg- und Ebolaviren und zeigen, 

dass all Filoviren mindestens einen gemeinsamen Rezeptor benutzen. 

 Mittels kotranskriptionalen Editings des GP-Gens exprimieren Ebolaviren, nicht 

aber Marburgviren, neben dem GP1,2-Oberflächenprotein zwei sezernierte Glykoproteine 

(sGP, ssGP). Alle drei Proteine besitzen identische N-Termini, welche die Aminosäuren 

54-201 beinhalten. Hier wird gezeigt, dass weder sGP-Fc, noch ssGP-Fc, an 

filovirusempfängliche Zellen binden konnte. Keines der beiden Proteine konnte die 

Zelltransduktion dieser Zellen mit Lake Victoria marburgvirus GP1,2 pseudotypisierten 

Gammaretroviren hemmen, was vermuten lässt, dass sie nicht an den Filovirus-Rezeptor 

banden. Stattdessen wird gezeigt, dass Fc-konjugiertes Δ-Peptid – ein kurzes, C-terminales 

Spaltprodukt von sGP ohne Sequenzähnlichkeit zu filoviralen Rezeptorbinderegionen (Δ-

Fc) – sowohl die Zelltransduktion mit pseudotypisierten Gammaretroviren hemmte, als 

auch die Replikation von infektiösem Zaire ebolavirus. Côte d’Ivoire, Sudan und Zaire 

ebolavirus Δ-Fc hemmten den durch Lake Victoria marburgvirus GP1,2-vermittelten 

Zelleintritt und die Replikation von infektiösem Zaire ebolavirus vergleichbar zu oder 

besser als Zaire ebolavirus 54-201-Fc. Interessanterweise hatte Δ-Fc des Reston ebolavirus, 

welches als einziges der Filoviren als humanapathogen gilt, geringen oder keinen Effekt. 

Diese Ergebnisse lassen vermuten, dass Δ-Peptide an der Zellpenetration durch Filoviren 

beteiligt sind und möglicherweise wichtige Virulenzfaktoren darstellen. 
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Zuletzt wurden die immunogenen Eigenschaften der filoviralen Fc-konjugierten 

Rezeptorbinderegionen in einem letalen Mausmodell untersucht. C57/BL6-Mäuse wurden 

nach 0, 21 und 35 Tagen mit Zaire ebolavirus 54-201-Fc + RIBI-Adjuvans oder Lake 

Victoria marburgvirus 38-188-Fc + RIBI-Adjuvast immunisiert und nach 62 Tagen mit 

mausadaptiertem Zaire ebolavirus infiziert. Alle mit Zaire ebolavirus 54-201-Fc-

immunisierten Mäuse überlebten die ansonsten tödliche Infektion ohne sichtliche 

Krankheitssymptome. Die Hälfte der mit Lake Victoria marburgvirus 38-188-Fc-

immunisierten Mäuse überlebten ebenfalls die ansonsten tödliche Infektion mit Zaire 

ebolavirus. Sera, die mit Zaire ebolavirus 54-201-Fc oder Lake Victoria marburgvirus 38-

188-Fc immunisierten Mäusen entnommen wurden, hemmten die Infektion von Vero E6 

Zellen mit Zaire ebolavirus. Darüber hinaus konnte eine starke zytotoxische T-Zellantwort 

in immunisierten Mäusen nachgewiesen werden. Hiermit wird erstmalig ein 

Filovirusimpfstoffkandidat beschrieben, der sowohl partiell vor Marburg-, als auch 

vollständig vor Ebolaviren schützt. 
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