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1. Abstract 

Ebola and Marburg viruses are highly pathogenic filoviruses which cause severe 

fevers in humans and nonhuman primates, with case fatality rates of up to 90%.  To 

date, no particular anti-viral therapy has demonstrated effectiveness in filoviral 

infection. Polyanionic compounds, such as some polysaccharides, are polymers 

having negatively charged ionic or ionizable constituents. Several polyanions are 

known to have various biological activities. For example, sulfated polysaccharides, 

such as heparin are known to have anticoagulant activity. In addition, many 

polyanionic compounds were proved to have potent antiviral activity. In this work we 

investigated the effect of selected polyanionic compounds on filovirus glycoprotein 

(GP) - mediated cell entry. Using lentiviral pseudoparticles bearing the GPs of 

Marburg virus (MARV) and Zaire Ebolavirus (ZEBOV), we found that all the tested 

polyanionic compounds had an inhibitory effect on filovirus GP-mediated cell entry. 

The cytotoxic profile of our tested compounds was investigated and found to be 

satisfactory. Compound DS 5000 was selected for further testing. Its half maximal 

inhibitory concentration (IC50) on MARV and ZEBOV viral pseudoparticles cell entry 

was 4.46 µg/ml and 0.8 µg/ml, respectively. These concentrations are much lower than 

the concentrations which can be expected to exert an anticoagulant activity.  We also 

found a significant inhibitory effect of DS 5000 on other viral pseudoparticles which 

belong to the filovirus family and also to other virus families. The inhibitory effect of 

DS 5000 on MARV and ZEBOV viral pseudoparticles cell entry was also confirmed 

in a variety of cell lines. Other experiments were performed in order to understand the 

mechanism by which DS 5000 inhibits the filoviral cell entry. At first, we tested the 

effect of DS 5000 on MARV and ZEBOV attachment to EAhy cells by measuring the 

concentration of p24 antigen using ELISA. This test revealed significant inhibition of 

MARV pseudoparticles cell attachment at DS 5000 concentrations of 5 and 50 µg/ml, 

whereas no significant inhibition of cell attachment was observed with ZEBOV viral 

pseudoparticles at DS 5000 concentrations of 50 µg/ml. Secondly, we evaluated 

binding of polyanionic compounds to pseudovirions using amicon tubes. This revealed 

significant inhibition of ZEBOV and MARV pseudoparticles cell entry, when the 

pseudoparticles were incubated with DS 5000 50 µg/ml for 1 hour before 

centrifugation in amicon tubes. Thirdly, we tested the effect of DS 5000 pre-treatment 

of EAhy cells on the viral pseudoparticles cell entry which revealed no significant 

effect. Our findings suggest that DS 5000 acts most probably on the viral 

glycoproteins, preventing virus interaction with the cell surface receptors.  

Thus, polyanionic compounds can be potent inhibitors of filoviral cell entry that act on 

the viral particles and markedly reduce their infectivity. Further work on in vivo 

efficacy and safety will be required to determine whether they can be developed into a 

novel therapeutic approach for filoviral disease in humans. 
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2. Aim of work 

 Testing nine different polyanionic compounds including three co-

polymers of vinyl alcohol sulfate with acrylic acid (PAVAS 6, PAVAS 

14 and PAVAS 15) and six dextran sulfate sodium salts with different 

molecular weights (DS 1000, DS 3400, DS 5000, DS 10000, DS 40000 

and DS 70000) for their inhibitory effect on two filovirus’, namely 

Marburg virus (MARV) and Zaire Ebola virus (ZEBOV), cell entry.  

 Assessment of the cytotoxicity of all the tested polyanionic 

compounds. 

  Depending on our findings, one polyanionic compound with 

significant inhibitory effect on filoviral cell entry and acceptable 

cytotoxic profile will be selected for further investigations. These 

include:   

- Constructing detailed concentration-response curves for the 

inhibitory effect of this compound on MARV and ZEBOV cell entry 

to determine its half maximal inhibitory concentration (IC50).  

- Testing the effect of this compound on MARV and ZEBOV cell 

entry using different types of cell lines. 

- Testing the effect of this compound on other viruses which belong 

to the family Filoviridae as well as to other viral families. 

- Investigating the mechanism of action of this compound on 

filoviral cell entry.  
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3. Review of Literature 

3.1. Filoviruses 

3.1.1. Taxonomy and Classification 

Filoviruses are the group of viruses, which constitute the family Filoviridae, 

that belongs to the order Mononegavirales. The order Mononegavirales, 

derived its name from the Greek word “monos”, which means alone or 

single, referring to the single-stranded RNA genome of order members; the 

Latin word “negare”, which means to negate, referring to the negative 

polarity of the single-stranded RNA genomes of order members; the suffix “virales” denotes a virus order. Mononegaviruses, are enveloped viruses 

and contain a linear, nonsegmented, single-stranded RNA genome. The 

members of this order include the families Bornaviridae, Filoviridae, 

Paramyxoviridae, and Rhabdoviridae (Kuhn et al., 2011). Filoviruses differ 

from other mononegaviruses in that they have longer genomes (≈19 kb) 
that encode two unusual proteins: VP30 and VP24. Additionally they are the 

only mammal-infecting members of the order Mononegavirales. 

Consequently, filoviruses have been assigned to a distinct family, 

Filoviridae, derived from the Latin word “filo”, which means "threadlike" 

(Kiley et al., 1982). 

The taxonomy of the family Filoviridae has changed several times since the 

discovery of its members, resulting in many species, virus names and 

abbreviations. The family Filoviridae is currently divided into three genera, 

namely Ebolavirus (EBOV), Marburgvirus (MARV) and Cuevavirus (Kuhn et 

al., 2014). 

The genus Marburgvirus was discovered in 1967 when an outbreak of MVD 

was reported among laboratory workers in Europe, who had been exposed 

to tissues and blood from imported African green monkeys (Leroy, 

Gonzalez, & Baize, 2011). Its name is derived from Marburg, the city in 

Germany, where this virus was first isolated. Within this genus, there is a 

single species (Marburg virus) which consists of two distinct viruses, 

Marburg virus (MARV) and Ravn virus (RAVV), derived from Ravn—last 

name of the Danish patient from whom this virus was first isolated. MARV 
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and RAVV genomes are approximately 20% divergent from one another 

(Kuhn et al., 2014). 

The genus Ebolavirus derived its name from Ebola, which is the name of the 

headstream of the Mongala River in Zaire (today the Democratic Republic of 

the Congo), where this virus was first discovered. The first ebolaviruses 

were discovered in 1976, when simultaneous viral haemorrhagic fever 

outbreaks occurred in Zaire and Sudan (Johnson et al., 1977).  In 1983, 

published data demonstrated that the viruses causing the two outbreaks 

were antigenically related, but not identical (Richman, Cleveland, 

McCormick, & Johnson, 1983). In the following years, two additional 

ebolaviruses were discovered, which are antigenically cross-reactive with 

the Zaire and Sudan viruses, but unique: the first in 1989 in Reston (the 

town in Virginia, USA) and the second in 1994 in the Republic of Côte 

d'Ivoire (Le Guenno et al., 1995). Today, full-length genomic sequences are 

available for isolates of all of these viruses. Their comparison reveals that 

the genomes of the four viruses differ from each other by 36.7–42.3% 

(Kuhn et al., 2011). 

Due to the genomic sequence diversity and the fact that the four viruses are 

endemic in different geographic areas and possibly have different reservoir 

hosts, the taxonomic division into several different Ebolavirus species was 

accepted.  The names of these species were derived from the places, where 

its members were first discovered: Zaire Ebolavirus (ZEBOV), Sudan 

Ebolavirus (SUDV), Reston Ebolavirus (RESTV)  and Taï Forest Ebolavirus 

(TAFV), Taï Forest: derived from Parc National de Taï  [Taï National Park], 

which is a place in the Republic of Côte d'Ivoire (Kuhn et al., 2011). 

 A fifth Ebolavirus species was described, whose genomic sequence was 

different from previously recognized viruses by 31.7–42.4%. It is called 

Bundibugyo Ebolavirus (BDBV), which derives its name from Bundibugyo, 

the name of the town of Bundibugyo in the Republic of Uganda, where 

members of this species were first encountered (Towner et al., 2008). An 

Ebola-like filovirus, Lloviu virus (LLOV), derived from Lloviu, referring to 

the name of the cave in Spain, where members of this species were first 

encountered, is the only species in the third distinct genus in Filoviridea , 

Cuevavirus. The name of this genus is derived from the spanish word la 

cueva ,which means “cave” (Negredo et al., 2011). 
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3.1.2. Epidemiology 

Filoviruses are among the most fatal human pathogens in the world. Of the 

eight known species of filoviruses, six are known to cause disease in 

humans. The disease caused by BDBV, ZEBOV, SUDV and TAFV is called 

Ebola virus disease (EVD) and that caused by MARV and RAVV is called 

Marburg virus disease (MVD). There have been no demonstrable illnesses 

with RESTV infection in humans, which is only pathogenic for nonhuman 

primates (NHPs). Live LLOV has never been recovered; the virus was 

discovered by gene sequencing of tissues from bat populations and the 

pathogenicity in humans and NHPs is unknown (Anthony and Bradfute, 

2015).  

Filoviral infections are characterized by sudden epidemic occurrence as 

well as high lethality with case-fatality rates ranging from 22 to 90% ( 

Laminger and Prinz, 2010).  ZEBOV is considered the most lethal member of 

the filoviruses with 90% case fatality rate. Due to the high pathogenicity of 

these viruses, they are designated as category A agents, therefore all 

laboratory work  must be conducted under the highest level of safety 

(Adalja, 2014). 

Because of the lack of specific treatment or vaccines, the filoviruses can 

potentially be used as bioweapons (MacNeil & Rollin, 2012). 

Filoviruses are primarily African in origin (fig.1), with the exception of 

Reston virus, which has been found in the Philippines and China. However,  

all filoviruses can spread anywhere by travel of infected individuals 

(Anthony and Bradfute, 2015). Since the first cases of filoviral infections 

were documented in 1967, there have been 11 documented outbreaks of 

Marburg virus and 24 Ebola virus outbreaks. The recent EVD outbreak in 

several countries in West Africa between 2013 and 2016 was 

unprecedented in its sheer magnitude; on March 27, 2016, a total of 28,646 

EVD cases and 11,323 deaths had been documented. This outbreak has 

prompted a sense of urgency to develop effective chemotherapeutic agents 

and vaccines for the filoviral infections (Spengler et al., 2016) 
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Figure 1: The african countries,  where endemic transmission of Ebola virus has been noted 

(Bausch & Schwarz, 2014 with permission). 
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3.1.3 Reservoir and Transmission 

Although the reservoir host of the filoviruses has not been clearly detected 

until now, many studies indicate bats as a potential reservoir host 

(Laminger and Prinz, 2010). Antibodies and nucleotide sequences specific 

for ZEBOV were detected in the liver and spleen of three fruit bat species in 

Gabon and Republic of the Congo (Hypsignathus monstrosus, Epomops 

franquetti and Myonycteris torquata). Antibodies and nucleotide sequences 

specific for MARV were found in a fruit bat species in Gabon (Rousettus 

aegyptiacus) and in two insectivorous bat species in DRC (Rhinolophus 

eloquens and Mini- opterus inflatus). Finally, a study showed that the 2007 

Luebo outbreak in DRC was associated with a massive fruit bat migration, 

strongly suggesting that humans might be infected directly by bats (Leroy 

et al., 2011). 

The vectors, which are involved in transmitting the virus from the bat 

reservoirs to humans may be nonhuman primates or pigs (Olival & 

Hayman, 2014). 

The transmission of filoviral infection among humans can occur through 

direct contact or contact with the infectious body fluids, particularly in the 

late stages of infection, when viral loads are very high. The largest 

outbreaks, which happened till now were associated with poor health care 

facilities; the virus spread increased by deteriorated nursing techniques 

and reuse of needles or other medical devices without efficient disinfection. 

Filoviruses were found to be shed in a wide variety of body fluids during 

the acute phase of illness including saliva, breast milk, stool and tears. In 

most cases, the infected body fluids were not visibly contaminated by blood 

(Bausch et al., 2007).  

There is no clear evidence of air-born transmission, although it is not 

possible to conclusively rule out the possibility of such transmission in rare 

circumstances (Dowell et al., 1999). 
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3.1.4.  Viral structure and genome organization 

  
MARV and EBOV are pleomorphic in shape. Using electron microscopy, they 

often appear as long filamentous particles about 14000 nm long and 80 nm 

wide, whereas other particles assume shape of the number 6 or a hairpin 

(Leroy et al., 2011). A filovirus virion is comprised of four components (fig. 

2), namely viral envelope, matrix, nucleocapsid and viral genome. The viral 

envelope is derived from cell membrane of the host during the budding 

process and consists of a lipid bilayer coat that protects the virus genome 

and facilitates its entry into host cells (Warfield, Deal, & Bavari, 2009). 

 

Transmembrane glycoproteins (GPs), 150 – 170 kDa, are present on the 

lipid bilayer surface as 7-10nm long spikes. They play an important role in 

the Ebola virus life cycle by mediating attachment, entry and fusion into the 

target cells thus permitting replication and spread of the virus (Passi et al., 

2015). 

Filoviral GPs are heavily glycosylated with N-and O-linked glycans which 

represent more than one-third of their molecular mass. The matrix space 

Figure 2: The structure of Ebola virus (Feldmann 2014) with permission. 
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The genome shows the following characteristic gene order: nucleoprotein 

(NP), virion protein 35 (VP35), VP40, GP, VP30, VP24, polymerase L 

protein. In addition, the Ebolavirus is able to express a soluble form of GP 

(sGP) through RNA editing (Ansari, 2014).  It is not yet known whether this 

sGP plays an important role in pathogenesis of EBOV infections, however 

large amounts of sGP have been detected in the blood of infected patients. 

Antibodies that are in survivor sera appear to preferentially recognize sGP 

over GP (Lee & Saphire, 2009). Structure and function of the GP that has 

particular relevance to the work presented here are described in more 

detail below (section 3.1.5.). 

3.1.5. Pathogenesis of filoviral haemorrhagic fever 

 

 Target cells in filovirus infection 

 

Filoviruses can infect many types of host cells. Among the target cells, 

which support viral replication, are macrophages, dendritic cells (DCs), 

hepatocytes and adrenal cortical cells(Mahanty & Bray, 2004).  

The earliest events of infection centre on cells of the mononuclear 

phagocyte system including monocytes, macrophages and DCs. Because 

monocytes/macrophages are the cells that initiate the response cascade in 

the acute phase of inflammation,  their early infection represents an 

important step for evasion of the host defence system as well as facilitating 

dissemination of the virus (Geisbert et al., 2003). Exposure of these cells to 

viral particles causes cell damage resulting in release of cytokines (TNF-α, 
IL-6, IL-8, macrophage chaemotactic protein (MCP)-1 and nitric oxide) 

which contribute to the fever and the fulminant inflammatory responses, 

which accompany the filoviral infection (Passi et al., 2015). 

Lymphopenia and lymphoid depletion are characteristic features of filoviral 

infections, extensive apoptosis of lymphocyte seems to be critical in the 

pathogenesis of EVD (Geisbert et al., 2003). 

It is likely that filoviruses disseminate in the infected host by different 

mechanisms including transport of free virus particles by blood and 

lymphatic fluids and migration of the infected monocytes, macrophages and 

DCs into various tissues (Mahanty & Bray, 2004) Fatal filoviral infection 
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cases are characterized by the minimal presence of inflammatory cells – 

neutrophils, lymphocytes and monocytes around viral infected cells 

contrary to non-fatal cases where leukocyte concentration around infected 

cells may play a role in restriction of the viral dissemination (Passi et al., 

2015). 

Vascular instability is considered to be a hallmark in the pathogenesis of 

filoviral infections. Endothelial disturbances can be caused directly 

following the viral infection of the endothelial cells or indirectly through the 

pro-inflammatory cytokines such as tumour necrosis factor alpha (TNF-α), 
which are released from the filovirus-infected monocytes/macrophages. 

Additionally, the filoviral glycoproteins are regarded as major viral 

pathogenic determinants and are also thought to be cytotoxic to the 

endothelial cells and thus contribute to endothelial damage and vascular 

dysregulation during the filoviral infections (Wahl-Jensen et al., 2005). 

 

 Filovirus entry 

 

Filovirus entry is mediated by the viral spike glycoprotein (GP), which 

mediates the attachment of the viral particles to the target cell surface. The 

virus envelope subsequently fuses with the cellular membrane of the host 

cell and the virus nucleocapsid is released into the cytosol resulting in viral 

uptake (Carette et al., 2011). Filoviruses uptake by the target cells occur via 

different mechanisms including receptor-mediated endocytosis and 

macropinocytosis(Olejnik, Ryabchikova, Corley, & Mühlberger, 2011). 

The precursor GP is cleaved by the host enzyme furin, which is present in 

the Golgi apparatus, resulting in the formation of two GP subunits, GP1 and 

GP2. GP1 is composed of three distinct domains, the receptor binding 

domain (RBD), the glycan cap and a heavily O-linked glycosylated mucin-

like domain (Lee and Saphire, 2009).  This subunit, GP1, is responsible for 

interacting with one or more cellular receptors; this interaction is believed 

to mediate the virus entry into the endosomal compartment. GP2 contains a 

fusion loop, heptad repeat regions, the transmembrane domain and a short 

cytoplasmic tail. Furin processing of the filovirus GP occurs in the Golgi 

apparatus before the glycoprotein is expressed on the plasma membrane. 

The cleaved subunits are linked by a disulfide bond to generate the GP1,2 

heterodimer, which is located on the viral surface (Hunt et al., 2012).  
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A number of cellular proteins have been implicated in filovirus entry. 

Different co-receptors are likely responsible for providing an access for the 

virus into different target cells (Olejnik et al., 2011). A significant cofactor 

for cellular entry of Ebola and Marburg filoviruses in certain cell types has 

been reported to be folate receptor alpha (FRα). This molecule is a 

glycophosphatidylinositol-linked protein, which is highly conserved in 

mammalian species and expressed in epithelial and parenchymal cells of a 

number of organs, but not abundantly in liver or endothelial cells (Alvarez 

et al., 2002) However, subsequently the relevance of FRα has been 

questioned  (Simmons et al., 2003). 

Another interesting group of proteins presumably involved in EBOV uptake 

are the members of the Tyro3/Axl/Mer (TAM) receptors family. Ligand-

activated TAM receptors are negative regulators of the inflammatory 

process in macrophages and DCs. TAM receptors were found to be co-

receptors for Ebola viral entry by binding the viral surface GP. The TAM 

receptor Axl was involved in receptor-independent uptake of Ebola viruses 

by micropinocytosis (Kondratowicz et al., 2011). 

Other cofactors for Filoviral uptake include a group of glycan binding 

proteins that enhance filovirus uptake in a cell-specific manner and which 

belong to the C-type lectin family. The highly glycosylated GP of both MARV 

and EBOV contains a set of N- and O-linked glycans, which, depending on 

their specific structures, can be recognized by different C-type lectins. This 

includes asialo-glycoprotein receptor on hepatocytes, DC-SIGN and hMGL 

on macrophages and immature DCs, and L-SIGN and LSECtin on endothelial 

cells in liver and lymph nodes (Olejnik et al., 2011).  

Another group of proteins involved in filovirus uptake are the β1-integrins. 

Integrins are expressed on a wide range of cell types and are involved in the 

uptake of a variety of different viruses. Interestingly, a detailed study of one of these integrins, the α5β1-integrin, has suggested that it is not involved in 

EBOV internalization, but rather in the regulation of endosomal cathepsin, 

which is required for EBOV fusion (Schornberg et al., 2009) 

More recently T-cell immunoglobulin and mucin domain 1 (TIM-1) has 

been indicated as a receptor for EBOV and MARV GP. Ectopic TIM-1 

expression in poorly permissive cells enhances EBOV infection by 10- to 30-

fold. Conversely, a siRNA that reduced cell surface TIM-1 expression 

specifically inhibited EBOV entry into a highly permissive cell line 

(Kondratowicz et al., 2011).  TIM-1 is not expressed by the primary target 



 

13 

 

cells of filoviruses, macrophages and DCs, but is expressed on mucosal 

epithelial cells of the trachea, cornea, and conjunctiva. It is believed to be 

important during the in vivo transmission of filoviruses. Recognition that 

TIM-1 serves as a receptor for filoviruses on these mucosal epithelial 

surfaces provides a mechanistic understanding of routes of entry into the 

human body through the inhalation of aerosol particles or hand-to-eye 

contact.  A monoclonal antibody against the IgV domain of TIM-1 blocked 

EBOV binding and infection, suggesting that antibodies or small molecules 

directed against this cell receptor may be  effective filovirus antivirals 

(Kondratowicz et al., 2011). 

After uptake, the virus particles are then internalized into the endosomes, 

where the fusion with endosomal membrane occurs. To initiate fusion, the 

proteolytic cleavage of GP1 by the endosomal proteases cathepsin B and 

cathepsin L is needed. Inhibition of CatL and CatB by specific protease 

inhibitors or siRNA reduces the entry of ZEBOV and ZEBOV GP-

pseudotyped viruses (Lee & Saphire, 2009). 

Interestingly, the cathepsin dependence of virus entry is likely cell-type 

specific. While virus entry into Vero cells is dependent on the activity of 

both cathepsin B and cathepsin L, infection of human DCs by EBOV does not 

require active cathepsin L (Martinez et al., 2010). In addition, the 

endosomal cholesterol transporter Niemann–Pick C1 (NPC1) was found to 

be an important intracellular receptor in vivo(Carette et al., 2011). 

 

 Filovirus replication  

 

The filovirus replication cycle is depicted in fig.4.  Fusion of the viral and 

cellular membrane is followed by release of the viral nucleocapsid 

complexes into the cytoplasm of the infected cell where transcription and 

replication of the viral genome occur. The internalized nucleocapsid acts as 

a template for viral transcription and replication resulting in copying into 

positive-stranded RNA antigenomes. These antigenomes serve as templates 

for transcription into negative-stranded viral genome copies. Newly 

synthesized viral proteins and genomes then self- assemble and accumulate 

at  the cell membrane, the sites from where the viral particles will be 

released (Passi et al., 2015). 
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Figure 4: Scheme of the filovirus infection cycle. Filoviruses enter the cell by receptor-

mediated endocytosis or macropinocytosis. After fusion of the viral and cellular membrane, 

the nucleocapsid is released into the cytoplasm and serves as a template for transcription 

and replication. The replicated RNA is encapsidated by the nucleocapsid proteins. The 

newly synthesized nucleocapsids are transported to the sites of viral release, where 

budding takes place (Olejnik et al., 2011 with permission). 

 Release of the viral particles 

Following assembly, newly synthesized nucleocapsid complexes are 

transported to the sites of virus budding. The nucleoprotein likely serves as 

a core for the nucleocapsid (NC) complex. The interaction of nucleoprotein 

with matrix protein VP40 is found to be essential for transport of NCs to the 

cell surface and for their incorporation into the viruses, resulting in the 

formation of mature virus particles (Olejnik et al., 2011). 

Unique among all viruses to our knowledge, Ebolavirus particles bud 

horizontally from the cell surface, whereas the other viruses emerge 

vertically. These findings may be valuable for the development of potential 

antifiloviral agents (Noda et al., 2006).  
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3.1.6. Clinical picture 

The disease caused by BDBV, ZEBOV, SUDV and TAFV is called Ebola virus 

disease (EVD); whereas that caused by MARV and RAVV is called Marburg 

virus disease (MVD). The term “hemorrhagic fever” might not always be 

applicable to the disease caused by infection with EBOV or MARV strains 

because it is found that the disease rather resembles a fulminant septic 

shock and patients mostly succumb due to multiorgan failure and/or 

hypovolemic shock with diarrhea as a major feature, rather than bleeding. 

The incubation period ranges from 2 to 21 days (mean 4–9 days), followed 

by non-specific symptoms such as fever, headache, nausea and muscle pain. 

They are rapidly followed by gastrointestinal disorders (stomach pain, 

vomiting and diarrhea), respiratory problems (throat and chest pain, 

cough) and neurological manifestations (prostration, confusion, and 

delirium), which indicate systemic dissemination of the virus (Leroy et al., 

2011). These nonspecific symptoms are often indistinguishable from those 

of diseases that are much more common in the tropics, such as malaria, 

shigellosis and typhoid fever (Bwaka et al., 1999). 

In advancing stages of the illness, the virus targets the microvascular 

endothelial cells resulting in loss of vascular integrity and leakage of blood 

(Passi et al., 2015) . Haemorrhagic manifestations vary in severity and 

location and often include skin rash, conjunctival injection, nosebleeds, 

melena, hematemesis and bleeding at venepuncture sites (Leroy et al., 

2011). Liver damage associated with massive viremia leads to disseminated 

intravascular coagulopathy. Bleeding is usually indicative of poor prognosis 

as hypotensive shock resulting from blood loss due to diffuse bleeding often 

results in death (Passi et al., 2015). 
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3.1.7. Diagnosis 
The problem with the diagnosis of filoviral infection is that the initial 

clinical symptoms are very general and are usually confused with malaria 

or dengue in tropical areas (Ansari, 2014). 

If filoviral infection is suspected, it is important to thoroughly investigate 

the medical history including any form of exposure to wildlife in recent 

past,. Laboratory tests that may be helpful include basic blood tests – 

Complete blood count (CBC), liver enzymes, bilirubin, creatinine levels, 

blood urea nitrogen (BUN) and pH. Suspected findings include: leukopenia 

(due to increased lymphoid cell apoptosis), thrombocytopenia, increased 

levels of aminotransferase, thrombin and partial thromboplastin times, 

accompanied by the detection of fibrin split products indicative of the 

occurrence of disseminated intravascular coagulation (DIC) (Ansari, 2014).  

As the Ebola and Marburg viruses have been classified by the CDC as 

pathogens of category A, the category that includes most dangerous 

pathogens that cause diseases with high morbidity and mortality, viral 

diagnosis should be done only in specialized laboratories with the highest 

level of biosafety i.e. BSL-4 (Zawilińska and Kosz-Vnenchak, 2014). 

Diagnosis is confirmed by (1) isolation of the virus and detection of its RNA 

and proteins or (2) detection of antibodies against the virus in a person’s 
blood. Detecting the viral RNA by polymerase chain reaction (PCR) and 

antigen detection by enzyme-linked immunosorbent assay (ELISA) are 

effective early and in those, who have died from the disease. Serologic tests 

for demonstrating immunoglobulin M (IgM) and immunoglobulin G (IgG) 

antibodies against the virus are effective late in the disease and in those, 

who recover (Passi et al., 2015). 

Virus isolation in cell cultures is a very sensitive method. Filoviruses are 

able to replicate in numerous cell lines and viral growth can be detected by 

cytopathic effect.  Vero or Vero E6 cells have been commonly used for this 

purpose. Additionally, it is also possible to use fluorescently-labeled specific 

antibodies for confirmation of antigens in infected cells. Electron 

microscopy is also useful in the identification and detection of viral 

infections but requires a large number of virus particles in a sample, 

specific and expensive equipments and trained personnel (Zawilińska and 

Kosz-Vnenchak, 2014). 



 

17 

 

 

3.1.8. Control and treatment 

Until now, no particular anti-viral therapy has demonstrated effectiveness 

in filoviral infection. Also, no vaccine for use in humans is yet approved. If 

Ebola was actually used as a biological weapon, it could be  a serious threat 

(Passi et al., 2015). 

The chief means to control filovirus outbreak is to initiate simple hygienic 

infection control procedures. Wearing gloves, gowns, and eye protection 

while caring for patients, together with proper precautions during funeral 

procedures, is usually all that is required to stop the virus spread. Other 

primary control strategies depend on aggressive contact tracing and 

isolation of suspected cases in specialized isolation wards. The fact that 

filoviruses kill fast and at a high rate provides the virus with little 

opportunity to spread, thereby making an outbreak almost self-

extinguishing because hosts for the virus become scarce (Bausch et al., 

2007; Adalja, 2014).  

Remarkable progress has been made over the last years in developing 

preventive vaccines that protect against MARV and EBOV infections. 

However progress in developing antiviral drugs and other post exposure 

interventions has been much slower. Recombinant vesicular stomatitis 

virus–based vaccines, monoclonal antibodies, polyclonal antibodies and 

small interfering RNA (siRNA) have all been shown to confer complete 

protection of nonhuman primates (NHPs) against fatal EBOV infection 

when administered within 48 hours of exposure before viremia is first 

detected, but no study has assessed efficacy when treatment was initiated 

at the onset of the viremia or clinical signs of illness, that is, therapeutic 

treatment (Thi et al., 2014).  Recombinant vesicular stomatitis virus-

based vaccine expressing a surface glycoprotein of Zaire Ebolavirus (rVSV-

ZEBOV) was reported to be a potential promising Ebola vaccine candidate 

showing an efficacy of 100% (Henao-Restrepo et al., 2015) 

With regards to antibody therapy, ZMapp, containing antibodies against 

three envelope viral glycoprotein epitopes, was manufactured by 

expression in tobacco plants.  The product provided a survival benefit in 

infected NHPs, when administered within 24 to 48 hours after exposure, 
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however these findings may not indicate response in humans (Feldmann, 

2014) 

Many approved drugs with previously undocumented anti-filoviral activity 

were screened and identified as potential inhibitors of filoviral infection. 
These drugs are currently approved drugs with well-established safety and 

pharmacokinetic profiles in patients, as well as manufacturing and 

distribution networks. Therefore, approved drugs could rapidly be made 

available for disease management in an emergency (Madrid et al., 2013). 

However, the efficacy and safety of such approaches in human EVD has not 

been evaluated. These drugs include: the selective estrogen receptor 

modulators (SERMs) clomiphene and toremifene which were found to have 

an inhibitory effect on EBOV infection. Anti-EBOV activity was confirmed 

for both of these SERMs in an in vivo mouse infection model. This anti-

EBOV activity occurred even in the absence of detectable estrogen receptor 

expression, and both SERMs inhibited virus entry after internalization, 

suggesting that clomiphene and toremifene are not working through the 

classical pathways associated with the estrogen receptor. Instead, the 

response appeared to be due to interference with a step late in viral entry,  

likely due to an effect on the triggering of fusion (Johansen et al., 2013).  

It was also discovered that amiodarone, a multi-ion channel inhibitor and 

adrenoceptor antagonist, is a potent inhibitor of filovirus cell entry at 

concentrations that are routinely reached in human serum during anti- 

arrhythmic therapy. A similar effect was observed with the amiodarone-

related agent dronedarone and the L-type calcium channel blocker 

verapamil (Gehring et al., 2014).  

In addition chloroquine and some cationic amphiphilic drugs (CADs) have 

in vitro activity against Ebola virus and may thus have a therapeutic role. 

Chloroquine is an antimalarial drug that has inhibitory effects on EBOV 

entry into host cells. It appears that it interferes with numerous factors 

responsible for EBOV cellular entry, including endosomal pH and 

endosome-membrane fusion initiation (Madrid et al., 2013). 

The use of adenoviruses (Ad) as vaccine vectors against a variety of 

pathogens has demonstrated their capacity to initiate strong antibody and 

cell-mediated immune responses. Human adenovirus type 5 vectors (Ad5) 
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encoding Ebolavirus glycoprotein (GP) generate protective immunity 

against acute fatal Zaire Ebolavirus (EBOV) infection in macaques, but fail 

to protect animals immune to Ad5, suggesting natural Ad5 exposure may 

limit vaccine efficacy in humans (Stanley et al., 2014). 

Ad26 and Ad35, which segregate genetically from Ad5 and exhibit lower 

seroprevalence in humans, represent promising vaccine vector alternatives. 

Ad26 and Ad35 vectors produce antigen-specific cell-mediated and 

humoral immune responses against EBOV GP and it is found that Ad5 

immune status does not affect the generation of GP-specific immune 

responses by these vaccines. It demonstrated partial protection against 

EBOV by a single-shot Ad26 vaccine and complete protection when this 

vaccine is boosted by Ad35 after one month. These results suggest that 

Ad26 and Ad35 vectors represent potential candidate vaccines for EBOV 

(Geisbert et al., 2011). 

Among the most promising filovirus vaccines under development is a 

system based on recombinant vesicular stomatitis virus (VSV) that 

expresses a single filovirus glycoprotein (GP) in place of the VSV 

glycoprotein (G). A study demonstrated the possibility of a single-injection 

panfilovirus vaccine and shows the potential to provide protection against 

multiple species and strains of filoviruses. In this study, macaques 

vaccinated with a single injection of a vaccine consisting of VSV vectors 

expressing the SUDV GP, the ZEBOV GP, and the MARV  (Musoke strain) GP 

were protected against four different filovirus species that caused disease 

in humans, which are TAFV, SUDV, ZEBOV, and MARV (Geisbert et al., 

2009). 
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3.2. Polyanionic compounds 

Large polyanionic molecules (>5kDa), such as sulphated polysaccharides, 

negatively charged serum albumin and milk proteins, synthetic sulphated 

polymers, polymerized anionic surfactants and polyphosphates, are known 

to have important ionic, mechanical and osmotic functions. For example, 

they  were found  to be potent in vitro inhibitors of attachment and entry of 

many enveloped viruses (Budge et al., 2004). Sulfated polysaccharides like 

dextran sulfate (fig.5), pentosan polysulfate, fucoidan, and carrageenans 

were proved to be excellent inhibitors of herpes simplex virus, human 

cytomegalovirus, vesicular stomatitis virus, Sindbis virus, and human 

immunodeficiency virus but could not inhibit adenovirus, coxsackievirus, 

poliovirus, parainfluenza virus, and reovirus. These results indicate that, 

with the exception of parainfluenza virus, enveloped viruses are specifically 

susceptible to the inhibitory activity of sulfated polysaccharides(Baba et al., 

1988a). 

Sulfated copolymers of acrylic acid with vinyl alcohol (PAVAS), were found 

to be potent inhibitors of human immunodeficiency virus type 1 (HIV-1) in 

vitro. These compounds completely inhibited HIV-1-induced 

cytopathogenicity and antigen expression at a concentration of 0.8 

micrograms/ml. They were also equally effective against HIV-2 replication. 

In addition, in contrast to azidothymidine, PAVAS suppressed HIV-1-

induced giant cell (syncytium) formation, a process that plays an important 

role in the depletion of T4 lymphocytes in AIDS patients (Baba et al., 1990).  

There is increasing evidence that the mechanism of action of the 

polyanionic compounds is through inhibition of the fusion of the virus with 

its target membrane. This inhibitory effect can be the result of an inhibition 

of virus–cell attachment or of a direct interaction of the polyanionic 

compounds with the viral fusion peptides.  Binding to the gp41 fusion 

peptide of HIV has been demonstrated with dextran sulphate and anionic 

human serum albumin. The fusion peptides are vital to the viral replication 

process, so they are highly conserved regions of the virus surface 

glycoproteins. It is not expected that they will be changed by antigenic 

shifts and drifts of the virus strains, or by amino acid changes, leading to 

drug resistance. Therefore polyanionic compounds which are directed 

towards this target are very good candidates as future antiviral agents 
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(Lüscher-Mattli, 2000). In addition to a low possibility of induction of viral 

drug-resistance, other advantages of these polysulfated polysaccharides as 

antiviral agents include their broad-spectrum activity and simple chemical 

structure, which allows their production costs to be low compared with 

nucleoside analogs or synthetic polypeptides (Flexner et al., 1991). 

Despite their promising in vitro antiviral activity, the activity of polyanionic 

compounds in vivo is faced by several drawbacks common to other 

macromolecular drugs (proteins, polypeptides, nucleic acids, 

oligonucleotides, etc.). These are short plasma half-life (approximately 1–2 

h), rapid degradation in the intestine and in plasma, and poor ability to 

penetrate the infected tissues and cells (Lorentsen et al., 1989) and 

(Lüscher-Mattli, 2000). 

These drawbacks of polyanionic compounds as therapeutic agents can 

explain the big difference between their in vitro and in vivo antiviral activity 

(Lüscher-Mattli 2000). Clinical trials of oral dextran sulfate in HIV-infected 

patients were ended soon after the drug was shown to be poorly absorbed.  

In addition, parenteral dextran sulfate, administered by using the maximum 

safe dosage schedule, fails to lower the circulating HIV antigen levels and, 

instead, produces a significant rise in its level (Flexner et al., 1991). 
However it is expected that the use of a drug adjuvant system and lipophilic 

drug-derivatives may improve the pharmacokinetics of polyanionic 

compounds.  Drug-delivery systems, that are currently being developed, 

such as encapsulation in lipo-polyethylenimines, in nanoparticles or 

liposomes may improve the therapeutic usefulness of the polyanionic 

polymers. Liposome-encapsulation has been found to improve the antiviral 

activity and to reduce the toxic side-effects of antiviral agents (Lüscher-

Mattli, 2000).   
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4. Materials and Methods 

4.1. Reconstitution of the polyanionic 

compounds 

In total nine compounds (table 1) were investigated. They include three co-

polymers of vinyl alcohol sulfate with acrylic acid (PAVAS) and Sodium (Na) 

salts of dextran sulfate (DS) in six different molecular weights.  These 

compounds were delivered in powder form and were reconstituted in 

distilled water resulting in a 10 mg/ml stock solutions from PAVAS 

compounds and 50 mg/ml stock solutions from DS compounds. Lack of 

enough amounts of the tested compounds hindered the replication of the 

experiment for testing their cytotoxic effect; therefore, calculation of 

statistical significance was not possible. Due to the same reason the 

cytotoxic effect of PAVAS 6 at high concentrations was not done. 

4.2. Cell lines 

The cell lines which were used in this study included (table 2): 293T cell 

line, which was used for the viral pseudoparticles production, as it is known 

to be very easy to grow and transfect very readily, in addition to EAhy926, 

Huh7.5, H1299, SW13 and hTERT- Bj1 cell lines (continuous cell lines) and 

HUVEC cell line (primary cell line), which were used for the transduction 

with the viral pseudoparticles and testing of the polyanionic compounds. 

All the used cell lines had to be maintained in Dulbecco’s Modified Eagle 
medium (DMEM) except HUVEC cell line, which had to be maintained in 
Endothelial Cell Growth medium (EGM). The cell lines were kept in tissue 

culture flasks as cell-monolayers, incubated at 37°C under 5% CO2 and 

handled under sterile conditions. The cells were sub-cultured two to three 

times per week according to cell type and cell confluence.  

Further passaging or seeding of confluent cells was done as follows: 

Aspirating the old media from the cell-monolayers followed by washing 

with 1x phosphate buffered saline (PBS). The cells were detached by adding 

1x Trypsin-EDTA followed by a brief incubation under the aforementioned 

conditions.  The detached cells were then resuspended and either added to 

fresh medium with appropriate dilutions depending on the cell line for 

further passaging or counted using the Neubauer chamber and seeded prior 
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to transduction or transfection.For long term preservation: Trypsinized 

cells were centrifuged in cryotubes at 700 rpm and 4°C for 5 minutes. After 

discarding the supernatant, the pellet was re-suspended with 1ml freeze 

medium and kept at -80°C. 

For cell thawing: The frozen cells were warmed in a water bath at 37°C. 

Culture medium (9 ml) was added followed by centrifugation at 700 rpm 

for 5 minutes.  The supernatant was then discarded and the cells were re-

suspended with culture medium in tissue culture flasks and incubated at 

37°C. 

4.3. DNA constructs 

The DNA plasmids used for production of the viral pseudoparticles in this 

study are described in table 3. These DNA plasmids were amplified through 

transformation followed by their extraction using Maxi prep technique (see 

below). 

The plasmids were transformed into E.coli competent bacteria using heat 

shock technique as follows: 10 µL DNA plasmids (1µg/ml) were mixed with 

100 µL chemically competent E.coli DH5α strain cells (Invitrogen) in an 
Eppendorf tube and incubated on ice. After 30 minutes the DNA – bacteria 

mixture was heated at 42oC for 40 seconds, followed by quick transfer back 

on ice for 5 minutes. This mixture was then combined with 1 ml Lysogeny 

Broth medium (LB medium) and incubated at 37oC with continuous shaking 

at 850 rpm for 1 hour.  The cell suspension was centrifuged at 13000 rpm 

for 30 seconds, the supernatant discarded and the cell pellet was re-

suspended in 100 µL LB medium with antibiotic (100 µg/ml ampicillin).  

This mixture was then spread on a Lysogeny Broth Agar plate with 

antibiotic (100 µg/ml ampicillin) for selection of the transformed ampicillin 

resistant E.coli cells (all our used plamids additionally carry  an ampicillin 

resistance gene) and incubated at 37oC. After about 12 hours incubation, 

bacterial colonies were picked up, added to 2 ml  LB medium with 

ampicillin and incubated with continuous shaking for 8-12 hours at 37oC.  

DNA plasmids were then extracted using maxi DNA plasmid preparation kit as described in the manufacturers’ manual (Qiagen). 
The concentration of the plasmids was measured by the NanoDrop system 

(figure 5) and adjusted to 1 μg/μl using dH2O for the needed dilution. 

All DNA plasmid stocks were stored at -20°C. 
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Figure 5:  NanoDrop system used for measuring DNA plasmid concentration. 

 

4.4. Pseudoparticle Production 

The viral pseudoparticles which were produced for this study included: 

Marburg virus (MARV) and Zaire Ebolavirus (ZEBOV) pseudoparticles 

which were tested with all the used polyanionic compounds in this study. 

Other filoviral pseudoparticles, namely Reston Ebolavirus (RESTV), Tai 

Forest Ebolavirus (TAFV) and Sudan Ebolavirus (SUDV), which were only 

tested with one selected polyanionic compound (according to effectiveness 

and cytotoxicity testing) in addition to other viral pseudoparticles, not 

belonging to the family Filoviridae, namely Hanta, Rabies, Guanarito and 

Lassa, which were only tested with the same selected polyanionic 

compound. 

The viral pseudoparticles were produced in 293T cell line after its co-

transfection with three plasmids; these plasmids encode: (1) an envelope 

glycoprotein of the tested virus, (2) HIV gag-pol proteins (used generally as 

structural proteins in all the produced viral pseudoparticles in this study) 

and (3) firefly luciferase (which allows subsequent quantification of viral 

cell entry using luciferase assay).   

Detailed procedures of the generation of the viral pseudoparticles has been 

described by (Deest et al., 2014) as follows: Cell culture 6-well plates were 

coated with poly-L-lysine hydrobromide (to prevent cell detachment) and 

washed one time with 1X PBS.  In these plates, 293T cells were seeded at a 
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confluence of 8x105 cells/well and incubated for 24 hours.  

Polyethylenimine (PEI), 3 μg was mixed with 40 μl Optimem medium to 
have a PEI working solution. DNA plasmids, 1 μg (0.7 µg envelope 
glycoprotein-encoding plasmids, 0.15 µg HIV gag-pol-encoding plasmids 

and 0.15 µg firefly luciferase-encoding plasmids) was mixed with 40 μl 
Optimem medium, incubated for 20 minutes at room temperature and then 

combined with the PEI working solution.  The medium on the 293T cells 

was changed to 1 ml DMEM medium containing 3% fetal calf serum (FCS) 

without antibiotics. 80 μl PEI-DNA plasmid mix was then added to each 

well. After 6 hours incubation at 37oC, the medium was changed to 1.5 ml 

DMEM medium containing 3% FCS and antibiotics (1% 

penicillin/streptomycin).  After 48 and 72 hours incubation at 37oC, the 

supernatants containing the viral pseudoparticles were collected and 

passed through a 0.45 µm pore size filter. The produced viral 

pseudoparticles were present in the filtrate. 

The viral pseudoparticles, which were proved to be efficient, were stored at 

4°C for up to 1 week or at -80°C when there is a need for longer storage 

before transduction.  

4.5. Pseudoparticles cell entry assay 

Testing the effect of the polyanionic compounds on viral pseudoparticles 

cell entry was done as follows: 

4.5.1. Transduction 

The produced viral pseudoparticles were used for transduction of the target 

cell line as follows: Target cells were seeded in 12-well plates at 8 x 104 

cells/well 24 hours prior to transduction. Pseudoparticles-containing 

filtrates were thawed at room temperature and diluted accordingly (using 

DMEM medium with 3% FCS) depending on the pseudoparticles titer. 

Polybrene was added to the viral pseudoparticles (1:1000) to neutralize 

charges that could exist between the pseudoparticles and cellular 

membranes during transduction. Old medium was aspirated from the 

seeded wells and 500 µl of the viral pseudoparticles was added to each well. 

Tested polyanionic compounds were added simultaneously with the viral 

pseudoparticles on the target cells. The concentration of the tested 
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compound was adjusted, based on experiences from previous experiments 

(PAVAS compounds were used in concentrations 1, 10 and 100 µg/ml, 

whereas DS compounds were used in concentrations 0.5, 5 and 50 µg/ml). 

Transduction of target cells with viral pseudoparticles without addition of 

any compound was performed as a control. Transduction of target cells 

with vesicular stomatitis virus (VSV) pseudoparticles was used as positive 

control, whereas the mock as well as the transduction with No Env (no 

envelope) pseudoparticles were used as negative controls. After an 

incubation period of 6 hours, the medium on the target cells was replaced 

with normal growth medium (2 ml/well). Transduction was stopped after 

72 hours by discarding the medium and washing the cells with 1 x PBS.  

This was followed by lysing the cells with lysate buffer. The cell lysates had 

to be frozen for at least 30 min at -20°C prior to quantification of entry 

using luciferase assay. 

4.5.2. Luciferase assay  

Cell entry of the viral pseudoparticles, i.e. transduction, was quantified by 

measuring the luciferase activity of the target cells using a luminometer 

(fig.6). The frozen cell lysates were thawed, each well was carefully scraped 

with a pipette tip and 100 µl of cell lysate was added to already-prepared 

360 µl of assay buffer. The cell lysate-buffer mixture was inserted into the 

luminometer, where 200 µl luciferin solution was injected into the mixture 

and luciferase activity was measured in Relative Light Units (RLU)/100µl 

for 20 sec.  

The value of the RLU/100 µl measured in each well by the luminometer 

reflects the number of the genes encoding firely luciferase, which has 

entered the cells and hence the transduction efficiency.  

Figure 7 shows a diagram of the general scheme which was used in testing 

the effect of the polyanionic compounds on viral cell entry.     
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4.6. Cell toxicity and proliferation assay 

Lentiviral VSV pseudoparticles were produced as described before and 

used to transduce EAhy cell line. The cells were then sub-cultured at least 

three times to establish a cell line which stably produces firefly luciferase. 

This cell line was used to broadly screen for cytotoxic or anti-proliferative 

effects of the tested polyanionic compounds as follows: EAhy cells were 

seeded in 12-well plates at a confluence of 8x104 cells per well.  After 24 

hours, the compounds were added at different concentrations (0.5, 5, 50, 

500 and 5000 µg/ml).  After 72 hours, cells were washed with PBS, lysed 

with lysate buffer and luciferase activity was measured. Decreased 

luciferase activity is an indicator of cytotoxicity. 

 

4.7. p24 ELISA 

P24 ELISA was done at Twincore (Center for Experimental and Clinical 

Infection Research, Hanover, Germany). Our samples were prepared by 

transduction of EAhy cells with the viral pseudoparticles of MARV, ZAIRE, 

VSV and “No env” in addition of DS 5000 at concentrations of 5 and 50 

µg/ml on ice (to allow viral attachment to the cell surface without cell 

entry) for 2 hours, then the cells were washed with PBS and lysed using PBS 

with triton at a concentration of 1:1000. Infected cells with the viral 

pseudoparticles without DS 5000 were used as control; also similar 

samples were prepared and incubated at 37 °C (control 2). A 96-well Plate 

(Nunc Immuno Plate, Maxi Sorb Surface) was coated with 10 ml 1xPBS with 

10 µl monoclonal anti-p24 , 100 µl per well,  in a wet chamber at room 

temperature.  After 24 hours the plate was washed 3 times with PBST (PBS 

with 0.05% Tween 20), 350 µl per well, blocked with 10% FCS in PBS, 150 

µl per well, for 2 hours at 37 °C then washed again 3 times with PBST , 350 

µl per well. 

The plate was loaded with the samples and the standard HIV-1 p24 Capsid 

(ab43037 from abcam), stock: [10 µg p24/ml], 100 µl per well and then 

incubated in a wet chamber at room temperature. After 24 hours the plate 

was washed three times with PBST then loaded with primary antibody 

(polyclonal anti-p24) , 100 µl per well for 1 hour at 37°C.   After  1 hour the 

plate was washed with PBST for 3 times then loaded with the secondary 



 

29 

 

antibody (anti-rabbit-peroxidase), 100 µl per well for 1 hour at 37 °C.  After  

1 hour the plate was washed 3 times with PBST then loaded with TMB, 100 

µl per well, and kept in a dark chamber for about 20 minutes then stopped 

with 0.5 M H2SO4, 50 µl per well, and the optical density was measured. 

4.8. Compound-virus binding testing using the 

amicon tubes  
The selected polyanionic compound was added to 9 ml of the viral 

pseudoparticles of each of MARV, ZEBOV and VSV (positive control) to 

obtain a final concentration of 50 µg/ml and the mixture was incubated in 

amicon tubes (Amicon Ultra15 centrifugal filter devices). Viral 

pseudoparticles without the compound were also incubated in amicon 

tubes to be used as control. After 1 hour, the tubes were centrifuged at 

3500 rpm for 20 min and the flow was discarded (the amicon tubes contain 

columns that allow only particles in the size of the virus to be trapped and 

any other substances, including the unbound polyanionic compound, are 

eluted).  The collected viral pseudoparticles in the columns were washed 

with fresh medium (DMEM with 3% FCS, 100 U/ml penicillin and 100 

µg/ml streptomycin) for 3 times and then diluted (1:5) and used for 

transduction of EAhy cell line as usual. After 2 hours the medium over the 

cells was changed with fresh medium (to avoid the possible toxic effect of 

the highly concentrated viral pseudoparticles) and after 72 hours the cells 

were lysed and luciferase activity was measured.  If the compound had been 

bound to the viral glycoproteins, the end result should be an inhibitory 

effect on the viral cell entry.  

 

4.9. Compound-cell surface receptors binding 

testing  
Pre-treatment of the EAhy cell line with the selected polyanionic 

compound was done to test the drug binding to cell surface receptors as 

follows:Target cells were incubated with 500µl/well tested compound 

(50µg/ml) for 2 hours then the cells were washed three times with PBS 

and the viral pseudoparticles of MARV and ZEBOV were used for 

transduction of these cells as usual with and without the selected 

polyanionic compound 50µg/ml. Untreated cells were used in parallel to 
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be transduced with the pseudoparticles with and without the selected 

polyanionic compound 50µg/ml. After 6 hours the medium was changed 

with fresh medium (DMEM with 3% FCS and 1% penicillin and 

streptomycin) and after72 hours the cells were lysed and luciferase 

assay was measured. 

 

4.10. Statistical analysis 

Numerical comparisons between groups were made by unpaired two-sided Student’s t-test. Differences with P values below 0.05 were considered 

significant. GraphPad Prism software (La Jolla, CA, USA) was used to fit 

concentration–response curves and determine the 50% inhibitory 

concentration (IC50).  
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Appendix for the used materials: 

1. Polyanionic compounds 

Table 1: The tested polyanionic compounds. 

Compound Abbreviation Subtypes Supplier 

Co-polymers of 

vinyl alcohol 

sulfate with 

acrylic acid 

PAVAS PAVAS 6, PAVAS 14 , 

PAVAS 15 

Neyts lab., 

Leuven, 

Belgium 

Sodium salts of 

dextran sulfate 

DS DS1000, DS3400, 

DS5000, DS10000, 

DS40000, DS70000 

Neyts lab., 

Leuven, 

Belgium 

 

2. Cell lines 

Table 2: The cell lines used in this study. 

Cell line Tissue/Origin Condition Supplier 

293T Human embryonic kidney DMEM medium Rice lab 

EAhy926 
Endothelial Alveolar 

hybrid 926 cells 
DMEM medium Rice lab 

hTERT-

Bj1 

Skin, immortalized human 

fibroblasts 
DMEM medium Rice lab 

H1299 
Lung,human non-small cell 

carcinoma cells 
DMEM medium Rice lab 

Huh-7.5 

Liver, human 

hepatocellular carcinoma 

cells 

DMEM medium Rice lab 

SW13 
Adrenal cortex, human 

adenocarcinoma cells 
DMEM medium Rice lab 

HUVEC 
Human umbilical vein 

endothelial cells 
EGM-2 medium 

Kind gift from Dr 

S.David, 

nephrology,MHH 
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3. Plasmids 

Table 3: The plasmids used to generate the viral pseudoparticles in this study. 

Plasmid The expressed 

product 

Source 

HIV gag-pol HIV-1 gag and pol 

proteins 

Rice lab. 

CSFlucW2 Firefly luciferase Rice lab. 

pcDNA3.1 Empty vector Rice lab. 

pHCMV-VSV-G VSV glycoprotein Rice lab. 

pCAGGS-MARVGP Marburg 

glycoprotein 

Rice lab. 

pVR1012-GP(Z) Zaire Ebola 

glycoprotein 

Gary Nabel and Anthony 

Sanchez lab. 

pVR1012-GP(R) 

 

Reston 

glycoprotein 

Gary Nabel and Anthony 

Sanchez lab. 

pVR1012-GP(TF) Taï Forest 

glycoprotein 

Gary Nabel and Anthony 

Sanchez lab. 

pVR1012-GP(S) Sudan glycoprotein Gary Nabel and Anthony 

Sanchez lab. 

pCMV-LassaGPC Lassa glycoprotein Francois-Loic Cosset lab. 

pMD.RVG.CVS24-B2C Rabies 

glycoprotein 

Addgene. 

pWRG/HTN-M(x) 

 

Hantaan 

glycoprotein 

USAMRIID, Fort Detrick, 

USA 

INH-95551 Guanarito 

glycoprotein 

Harvard Medical School, 

Boston, USA 
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4. Buffers and media 

Table 4: The preparation and composition of the used buffers and media. 

 Buffer/Medium Constitution/Supplement 

Bacterial 

culture 

Lysogeny broth 

(LB) medium 

 

 

 

 

 

125 g Lysogeny broth powder 

5 l H2O 

(10 g/L Trypton, 5 g/L yeast extract and 5 

g/L NaCl) 

 

LB agar 4.5 g Bacto-Agar 

300 ml LB-Medium 

 

Cell 

culture 

Dulbecco’s 
modified eagle 

medium 

(DMEM) 

 

10 % Fetal calf serum( FCS) 

Penicillin (100 U/ml) /Streptomycin (100 

µg/ml) L‐glutamine 2mM 

ml Non Essential Amino acids (NEAA) 1 

mM 

 

Endothelial Cell 

Growth Media 

(EGM-2) 

medium 

 

Lonza, Switzerland 

 

Freezing 

medium 

 

10 % DMSO (dimethyl sulfoxide) in FCS 

 

Trypsin-EDTA 0.12 %Trypsin, 0.02 % 

Ethylenediaminetetraacetic acid (EDTA) 

in distilled water 
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Luciferase 

assay 

Lysis Buffer 

 

 

 

Assay buffer 

5 ml Triton x 100, 25 ml GlyGly 0.5 M 

7,5 ml MgSO4 1 M, 10 ml EGTA 0.2 M 

Add 452.5 ml H2O 

 

153 ml H2O, 10 ml GlyGly pH 7.8 (0.5 M) 

30 ml KPO4 pH 7.8 (0.1 M), 3 ml MgSO4 (1 

M) 

4 ml EGTA (0.2 M) 

5. Reagents, solutions and kits 

Table 5: The reagents, solutions and kits used in this study and their suppliers. 

Reagent/Solution/Kit Supplier 

Ampicillin Carl Roth 

ATP Sigma 

Bacto Agar BD Biosciences 

DMSO Sigma 

D-Luciferin pjk-GmbH 

DTT Sigma 

EGTA Carl Roth 

EDTA Carl Roth 

FCS PAA Laboratories GmbH 

Glycine Berthold 

Gly-Gly Sigma 

Hexadimethrine bromide(Polybrene) Sigma 

HiSpeed-Plasmid Maxi-Kit Qiagen 

Lysogeny Broth Carl Roth 

L-Glutamine Life Technologies 

Non Esssntial Amino Acids Invitrogen, Karlsruhe, Germany 

OptiMEM Invitrogen, Karlsruhe, Germany 

Penicillin/streptomycin Invitrogen, Karlsruhe, Germany 

Poly-L-Lysin 0,01% Sigma-Aldrich; Seelze, Germany 

Triton Carl Roth 

Trypsin Life Technologies 
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6. Instruments 

Table 6:  The used instruments and their manufacturers. 

 Instrument Company 

 NanoDrop® Thermo Fischer Scientific, 

USA 

 Lumat LB 9507 

luminometer 

Berthold Technologies, 

Germany 

cell culture 

 

Heraeus Hela Cell 

Incubator 

Neubauer hemacytometer 

CK30 microscope 

GFL water Bath (1002) 

Culture plates, dishes , 

flasks 

and serological pipettes 

Thermo Fischer Scientific, 

USA 

Marienfeld GmbH, Germany 

Olympus, Germany 

GFL mbH, Germany 

Sarstedt AG & Co, Germany 

 

centifugation Heraeus Megafuge 

centrifuge 

Amicon Ultra-15 devices 

Thermo Fischer Scientific, 

USA 

Merck millipore, Ireland 

Others Injekt syringes 

CryoPure Tubes 

CELLSTAR® centrifuge 

tubes 

Eppendorf microtubes 

Membrane filters 

Universal shaker SM 

B. Braun, Germany 

Sarstedt AG & Co, Germany 

Greiner Bio-One, Germany 

Eppendorf, Germany 

Merck millipore, Germany 

Edmund Bühler GmbH, 

Germany 
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5. Results 

5.1. Effect of polyanionic compounds on MARV 

and ZEBOV cell entry 
The first group of experiments aimed at testing the effect of each of the 

9 polyanionic compounds used in this work, on MARV and ZEBOV viral 

pseudoparticles cell entry into EAhy cell line.   

5.1.1.  Effect of PAVAS compounds on MARV and 

ZEBOV cell entry 

Three sulphated co-polymers of vinyl alcohol with acrylic acid (PAVAS) 

compounds, namely PAVAS 6, PAVAS 14 and PAVAS 15 were tested for 

their effect on MARV and ZEBOV viral pseudoparticles cell entry using EAhy 

cell line. The compounds were each applied in concentrations of 0, 1, 10 and 

100 µg/ml, the resulting cell entry is depicted as percent transduction 

efficiency, where 0 µg/ml was set to 100% and the remaining 

concentrations were related to this. The results were as follows: 

a) Effect of PAVAS 6 

The results as shown in figure 8 reveal that the transduction efficiency 

(measured by luciferase assay as RLU/100 µl) was significantly decreased 

when MARV and ZEBOV viral pseudoparticles were used with PAVAS 6 

concentrations of 10 and 100 µg/ml (p<0.05). Regarding VSV viral 

pseudoparticles (positive control) significant decrease in transduction 

efficiency was observed with PAVAS 6 concentrations of 1 and 100 µg/ml 

(p<0.05). These findings indicate that there was significant inhibition of 

MARV and ZEBOV viral pseudoparticles cell entry at PAVAS 6 

concentrations of 10 and 100 µg/ml. 
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Figure 8: Effect of PAVAS 6 on MARV, ZEBOV and VSV viral pseudoparticles cell entry. The 

data points represent the mean + SD of 2 independent experiments. Significance is 

indicated with      . 

b) Effect of PAVAS 14 

The results as shown in figure 9 reveal that the transduction efficiency 

(measured by luciferase assay as RLU/100 µl) was significantly decreased 

when MARV viral pseudoparticles were used with PAVAS 14 concentrations 

of 10 and 100 µg/ml (p<0.05) whereas with ZEBOV viral pseudoparticles 

significant decrease in transduction efficiency was observed with PAVAS 14 

concentrations of 1, 10 and 100 µg/ml (p<0.05). Regarding VSV viral 

pseudoparticles (positive control) significant decrease in transduction 

efficiency was observed with PAVAS 14 concentrations of 10 and 100 µg/ml 

(p<0.05).  

 These findings indicate that there was significant inhibition of MARV and 

ZEBOV viral pseudoparticles cell entry at PAVAS 14 concentrations of 10 

and 100 µg/ml, in addition significant inhibition of ZEBOV viral 

pseudoparticles cell entry was also observed at a PAVAS 14 concentration 

of 1 µg/ml.  
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concentration of the compound that is required for 50% inhibition in vitro. 

To construct these curves, the selected compound was used in serial 

concentrations (0.5, 2.5, 12.5, 62.5, 312.5 and 625 µg/ml) during the 

transduction of EAhy cell line with MARV and ZEBOV viral pseudoparticles 

followed by measuring the transduction efficiency as RLU/100 µl by 

luciferase assay. Transduction using VSV viral pseudoparticles was done as 

positive control.  The obtained values of RLU/100µl were used to construct 

the concentration-response curves using GraphPad Prism software (La 

Jolla, CA, USA). The results as shown in figure 18 reveal that the values of 

the RLU/100 µl (measured by luciferase assay) were significantly 

decreased when MARV viral pseudoparticles were used for transduction of 

EAhy cell line with DS 5000 concentrations of 12.5, 62.5, 312.5 and 625 

µg/ml (p<0.05), whereas with ZEBOV viral pseudoparticles a significant 

decrease in the RLU/100 µl values was observed with DS 5000 

concentrations of 2.5, 12.5, 62.5, 312.5 and 625 µg/ml (p<0.05). Regarding 

VSV viral pseudoparticles, no significant decrease in the obtained RLU 

values was observed with the used concentrations of DS 5000. 

These findings indicate that there was significant inhibition of MARV and 

ZEBOV viral pseudoparticles cell entry at the above-mentioned DS 5000 

concentrations. 
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have not been bound to the cell surface receptors during the pre-treatment 

phase and it was washed away. 

 

 

Figure 29: Effect of EAhy cells pre-treatment with DS 5000 50µg/ml. The data points 

represent the mean + SD of 6 independent replicates from 3 independent experiments.  
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6. Discussion 

Zaire Ebolavirus (ZEBOV) and Marburgvirus (MARV) are members of the 

Filoviridae family of viruses. These filoviruses are enveloped negative-sense 

single-stranded RNA viruses and they are among the most lethal infectious 

threats to humans. They cause severe acute haemorrhagic fever in humans, 

characterized by a sudden epidemic occurrence as well as a high lethality 

with case-fatality rates of up to 90% (Marcinkiewicz et al., 2014). 

There is currently no effective therapeutic agent approved for the 

treatment of filoviral infections in humans (Kilgore et al.,2015). The 2013-

2015 West Africa Ebola epidemic, with more than 25,000 people infected 

and more than 12,000 deaths, underlines the intensive need of treating and 

controlling these fatal infections (Cheng et al.,2015). Many approaches of 

treatment have been based on in vitro or animal experiments. These include 

monoclonal anti-bodies isolated from survivors, lipid-stabilized small-

interfering RNAs directed against viral genes and G protein-coupled 

receptor antagonists. However, it will be difficult to apply these highly 

experimental approaches into routine clinical care (Gehring et al., 2014, 

Cheng et al., 2015). Many approved drugs with previously undocumented 

anti-viral activity were screened and identified as potent inhibitors of 

filoviral infection. For example the selective estrogen receptor modulators 

(SERMs) clomiphene and toremifene. These drugs are characterized by 

being approved drugs with well-established safety and pharmacokinetic 

profiles (Madrid et al., 2013; Johansen et al., 2013). 

Large polyanionic compounds (>5kDa), such as sulphated polysaccharides, 

negatively charged serum albumin and milk proteins, synthetic sulphated 

polymers, polymerized anionic surfactants and polyphosphates, have been 

shown to be potent in vitro inhibitors of attachment and entry of many 

enveloped viruses, including herpesviruses, retroviruses, orthomyxoviruses 

and paramyxoviruses. For many of these viruses, this has been shown to be 

due to the blocking of important charge-charge interactions involved in the 

binding of the virus to its cellular receptor(s) (Budge et al., 2004). This class 

of antiviral agents exhibits unique properties, which are not shared by 

other known antiviral agents, which include: (1) broad-spectrum antiviral 

activity against many enveloped viruses, (2) inhibition of syncytium 
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formation–fusion between HIV-infected and normal CD4 T cells. This 

mechanism, which  enhances the infectivity of HIV, is not inhibited by other 

anti-HIV agents, such as proteinase inhibitors or nucleoside analogues, (3) a 

low possibility of induction of viral drug-resistance, a major problem in 

antiviral chemotherapy, (4) low cytotoxicity in the in vitro tests and (5) 

simple chemical structure, which allows production costs to be low 

compared with those of the available nucleoside analogues or synthetic 

polypeptides (Flexner et al.,1991,Lüscher-Mattli,2000).  

These properties of the polyanionic compounds encouraged us to test the 

efficiency of some of these compounds as inhibitors of filoviral 

(pseudoparticles) cell entry in vitro. To our knowledge, this is the first time 

that antiviral effects of polyanionic compounds against filovirus infection 

are investigated. The results of these tests could be very helpful in assessing 

the possibility of using such compounds in the control or treatment of  

filoviral infections. 

In this work we aimed at studying the effect of 9 different polyanionic 

compounds including 3 co-polymers of vinyl alcohol sulfate with acrylic 

acid (PAVAS 6, PAVAS 14 and PAVAS 15) and 6 dextran sulfate Na salts in 

different molecular weights (DS 1000, DS 3400, DS 5000, DS 10000, DS 

40000 and DS 70000) on MARV and ZEBOV GP-mediated cell entry.   

Viral pseudoparticles were produced to be used safely in our laboratory 

(biosafety level 2), instead of the authentic viruses.. These viral 

pseudoparticles were produced by using the lentiviral based system for 

viral pseudoparticles production.  In this system, the 293T cell line is 

transfected with three plasmids which encode: the envelope GP of the 

tested virus, HIV-1 gag-pol proteins, and luciferase enzyme. The transfected 

293T cells can produce viral pseudoparticles that contain the surface GP of 

the tested virus combined with HIV-1 gag-pol proteins as structural 

proteins. The production of the luciferase enzyme from these viral 

pseudoparticles is important for their subsequent detection and 

quantification using luciferase assay.  

MARV and ZEBOV viral pseudoparticles were tested to prove their 

efficiency in cell entry before they were used for transduction of EAhy cell 

line in the presence of the tested polyanionic compounds in different 
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concentrations. The viral pseudoparticles, which could enter the cells, were 

quantified through luciferase assay and thus the effect of the tested 

polyanionic compound on MARV and ZEBOV viral pseudoparticles cell 

entry could be measured. 

All of the tested compounds showed an inhibitory effect on the MARV and 

ZEBOV pseudoparticles cell entry into EAhy cell line. This inhibitory effect 

was mostly concentration related; higher concentration was associated 

with more inhibition.  The highest inhibition for MARV was over 99% 

(corresponding to a transduction signal of 0.4% of baseline) and was 

detected with PAVAS 15 at the concentration of 100µg/ml, whereas the 

highest inhibition for ZEBOV was 98%(corresponding to a transduction 

signal of 2% of baseline)  and was detected with PAVAS 6 at the 

concentration of 100µg/ml  

Our results are compatible with previous studies, in which several 

polyanionic compounds were evaluated for their activities against a variety 

of DNA and RNA viruses. The authors of these studies found that, as a rule, 

these compounds are potent inhibitors of enveloped viruses, irrespective of 

whether these were DNA or RNA viruses, whereas non-enveloped viruses 

(reoviruses, picornaviruses, parvoviruses, papovaviruses and 

adenoviruses) appear to be insensitive to polyanionic compounds (Lüscher-

Mattli, 2000).  

One of these studies reported that dextran sulfate proved to be a potent 

inhibitor of cytomegalovirus in vitro (Baba et al., 1988 a). In another study,  

Baba et al. (1990) found that sulphated polyvinylalcohol (PVAS) and its co-

polymer with acrylic acid (PAVAS) have shown to exhibit broad-spectrum 

antiviral activity against a number of enveloped viruses (herpes simplex 

virus, human cytomegalovirus, respiratory syncytial virus, HIV-1 and HIV-

2) and to block HIV-induced syncytium formation. Other polyanions have 

also proved to be potent inhibitors of human immunodeficiency virus type 

1 (HIV-1) in vitro (Savage et al., 2014). Yamada et al. (2012) have also found 

that DS inhibited the replication of some, but not all influenza A virus 

strains. The suppression in the DS-sensitive strains was dose-dependent 

and could be neutralized by diethylaminoethyl-dextran (DD), which has a 

positive charge. Recently, novel synthetic polyanions were found to have an 

inhibitory effect on replication of influenza A and B viruses (Ciejka et al., 
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2016).  Also 3 sulphated polymers, namely PAVAS, heparin and dextran 

sulphate (DS) (MW 5000), proved to be strong inhibitors of the binding of 

hepatitis B virus (HBV) to HepG2 cells and primary human hepatocytes 

(Ying et al., 2002).  

Cytotoxicity of the used polyanionic compounds was tested. The cytotoxic 

profile of our polyanionic compounds was found to be very satisfactory; 

there was no considerable cytotoxic effect of DS compounds on the cells, 

furthermore DS 3400 and DS 5000 had no cytotoxic effect on the cells at 

any of the tested concentrations. Apparent cytotoxic effects of PAVAS 14 

and PAVAS 15 were only observed at a concentration of 5000 µg/ml.  Baba 

et al. (1988a) have also revealed that dextran sulfates of different molecular 

weights (5000, 8000, and 500,000) showed no cytotoxic effect at 

concentrations up to 3125 µg/ml. Two synthetic polyanionic compounds 

were tested by Witvrouw et al. (2000) and were found to be not toxic to 

MT-4 cells up to the highest concentrations tested (250 µg/ml). 

According to our results, DS 5000 was selected for further testing due to the 

following findings: (1) it was one of the tested compounds, which showed 

significant inhibitory effect on both MARV and ZEBOV pseudoparticles, (2) 

it had no observed cytotoxic effect at any of the tested concentrations and 

(3) it exerted a significant inhibitory effect on VSV pseudoparticles cell 

entry only at the highest concentration used (50 µg/ml), indicating its 

selective action on MARV and ZEBOV viral pseudoparticles. 

These tests included: (1) constructing concentration-response curves for 

the inhibitory effect of DS 5000 on MARV and ZEBOV cell entry to 

determine its half maximal inhibitory concentration (IC50), (2) testing its 

effect on MARV and ZEBOV cell entry using different cell lines other than 

the EAhy cell line , (3) testing its effect on other viral pseudoparticles, 

which belong to the family Filoviridae and other viral families and (4) 

investigating its possible mechanism of action. 

Concentration-response curves for the inhibitory effect of DS 5000 on 

MARV and ZEBOV cell entry were constructed to determine its half maximal 

inhibitory concentration (IC50).  IC50 of DS 5000 for MARV and ZEBOV viral 

pseudoparticles was found to be 4.46 µg/ml and 0.8 µg/ml, respectively.  

These values approximate the values which were obtained in previous 
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studies on DS and other polyanionic compounds, which were tested for 

their antiviral activity on HIV-1, HIV-2 and other enveloped viruses. These 

studies found that the concentrations required to inhibit virus replication 

or cytopathic effects by 50% (IC50) were in the range of 0.1 to 

approximately 3 µg/ml (Lüscher-Mattli, 2000). However, in another study 

which used novel carboxylated polyanionic compounds, Savage et al. 

(2014) found that these compounds exhibited activity against four HIV-1 

strains and their IC50 were obviously low (ranged between 0.095 and 0.23μg/ ml). 
It is to be noted that sulfated polysaccharides, like dextran sulfates, have 

anticoagulant activity and this activity may hamper their practical 

usefulness. Previous studies on  the anticoagulant activity of DS 5000  

reported that the thrombin time was doubled at a concentration of 50 

µg/ml, the activated partial thromboplastin time (APTT) was doubled at 20 

µg/ml and at 10 µg/ml, DS  5000 caused only a marginal prolongation of the 

APTT (Baba et al., 1988b). Accordingly, our obtained IC50 values of DS 5000 

for MARV and ZEBOV viral pseudoparticles are obviously much lower than 

its anti-coagulant threshold. 

The inhibitory effect of DS 5000 on MARV and ZEBOV filoviral 

pseudoparticles cell entry into a range of different cell lines other than 

EAhy cell line was tested. Our results revealed significant inhibition of cell 

entry into all the tested cell lines. Although there appeared to be a trend 

towards a more pronounced effect on EAhy and Huh7.5 cell lines compared 

with the other tested cell lines (H1299, SW13, hTERT-Bj1 and HUVEC cell 

lines), this difference was not cell type specific because actually EAhy and 

Huh7.5 cell lines have different origins (EAhy cell line is endothelial, while 

Huh7.5 is epithelial in origin like H1299 and SW13 cell lines). This finding 

suggests a virus-directed mechanism of action of DS 5000, therefore its 

inhibitory effect was not markedly affected by the change in the used cell 

line. This cell type-independent inhibitory effect of the pseudoviral cell 

entry suggest considerable potential as a therapeutic agent for filoviruses. 

Gehring et al. (2014) found that amiodarone, a multi-ion channel inhibitor 

and adrenoceptor antagonist, had a potent inhibitory effect on MARV and 

ZEBOV cell entry at concentrations that are routinely reached in human 

serum during anti- arrhythmic therapy. However, testing of amiodarone 

effect using different cell lines revealed that its inhibitory effect was cell 
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line-specific (more pronounced inhibitory effect was observed on cell lines 

of endothelial origin compared with epithelial cell lines, while cell lines of 

fibroblast origin appeared to be the least sensitive); therefore a host cell-

targeted mechanism of action of amiodarone was suggested. 

Testing DS 5000 using pseudoviruses bearing the GP of other filoviral 

species, namely Reston Ebolavirus (RESTV), Tai Forest Ebolavirus (TAFV) 

and Sudan Ebolavirus (SUDV) revealed significant inhibitory effect of DS 

5000 on their cell entry into EAhy cell line. They were similarly inhibited 

like MARV and ZEBOV viral pseudoparticles. Thus, and according to our 

findings, DS 5000 is an inhibitor of cell entry mediated by viral GPs from 

across the Filoviridae family. 

The same significant inhibitory effect of DS 5000 on viral pseudoparticles 

cell entry was also observed with the pseudoviruses bearing the GP of 

Rabies virus which belongs to the family Rhabdoviridae; this family belongs 

to the order Mononegvirales like the Filoviridae family. The New World 

arenavirus Guanarito pseudoparticles was also inhibited by DS 5000 but to 

a lesser extent, while Lassa virus (Old World arenavirus) and Hanta 

(Bunyaviridae family) viral pseudoparticles were not affected by DS 5000.  

Since all pseudoviruses have the same lentiviral structure except of the viral 

GP, these differences strongly support that DS 5000 exerts its inhibitory 

effect on the GP-mediated viral cell entry, i.e. a replication cycle step up to 

the point of fusion of the viral envelope with the cellular membrane. This 

finding proposes the potentiality of using DS 5000 as a specific therapeutic 

agent for filoviruses. 

In order to investigate the possible mechanism of action of DS 5000, the 

concentration of p24 antigen was measured by ELISA to detect the effect of 

DS 5000 on MARV and ZEBOV attachment to the cell surface of EAhy cells. 

The results revealed a significant inhibition of MARV pseudoparticles cell 

attachment at DS 5000 concentrations of 5 and 50 µg/ml, whereas 

insignificant inhibition of cell attachment was observed with ZEBOV viral 

pseudoparticles at DS 5000 concentrations of 50 µg/ml. These results are 

compatible with other studies which suggest that polyanionic compounds 

inhibit the attachment and entry of many enveloped viruses. Using p24 

ELISA, Witvrouw et al. (2000) have also reported a polyanion-dependent 

inhibition of binding of the viral gp120–V3 loop to CD4 receptors on the 
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target cell membrane. In another study, dextran sulfate was also found to 

suppress the replication of some influenza A virus strains by inhibiting the 

hemagglutinin (HA)-dependent fusion activity. However, with other 

influenza A virus strains, the suppression by DS was observed not only at 

the initial stage of viral infection, which includes viral attachment and entry, 

but also at the late stage, which includes virus assembly and release from 

infected cells. The suppression may involve the inhibition of neuraminidase 

activity by DS's negative charge (Yamada et al., 2012). 

For more understanding of the exact mechanism by which the DS 5000 may 

inhibit the filoviral GP-mediated cell attachment, two experiments were 

performed, which are compound -virus binding assay using amicon tubes 

and compound-cell binding assay by testing the effect of DS 5000 pre-

treatment of EAhy cells on MARV and ZEBOV  pseudoparticles cell entry. 

The results of these experiments provided us with two findings, which 

suggest that DS 5000 inhibits MARV and ZEBOV attachment to the target 

cells by acting on the viral GPs rather than the host cell receptor(s).  

The first finding resulted from the compound-virus binding assay using 

amicon tubes.  Significant inhibition of ZEBOV and MARV pseudoparticles 

cell entry was observed when the pseudoparticles were incubated with DS 

5000 50 µg/ml for 1 hour before centrifugation in amicon tubes. The used 

amicon columns allow only the particles of the size of the virus to be 

trapped and all the other substances including unbound compound are 

eluted, so the persistence of the inhibitory effect of DS 5000 on ZEBOV and 

MARV pseudoparticles cell entry after their centrifugation in amicon tubes 

indicates that DS 5000 has become bound to these particles during the 

incubation before centrifugation and was not eluted; therefore it could still 

exert its inhibitory effect. 

The second finding resulted from the compound-cell binding assay. Pre-

incubation of EAhy cells with DS 5000 before their transduction with 

ZEBOV and MARV pseudoparticles had no effect on the viral cell entry. 

Significant inhibition of ZEBOV and MARV pseudoparticles cell entry was 

only observed when the DS 5000 was present during the cell entry phase, 

and this is suggestive of absence of cell-directed mechanism of action.  
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Our findings match with previous studies which suggest that the anionic 

polymers appear to interact specifically with the virus rather than the cell 

receptors. Numerous investigations on the mechanism of action of 

polyanionic compounds have been conducted for HIV. All the tested 

polyanionic substances can be assumed to exert their anti-HIV activity by 

shielding off the positively charged amino acid (lysine and arginine) 

residues on the V3 loop of the viral envelope glycoprotein gp120 ,thus 

preventing the interaction of gp120 with its cellular receptor CD4 (Pirrone, 

et al.,2011). Budge et al. (2004) have reported that polyanionic compounds 

interfere with the attachment of the virus to its target cells mostly due to 

specific interaction with the virus rather than the (negatively charged) cell 

membrane. Lüscher-Mattli,(2000)  also reported that the action of the 

polyanionic compounds is mostly directed towards the viral fusion peptides 

of the viral glycoproteins. These peptides, being vital to the viral replication 

process, are highly conserved regions of the virus surface glycoproteins. It 

is expected that they will not be altered by antigenic shifts and drifts of the 

virus strains, or by amino acid changes, leading to drug resistance.  

Polyanionic compounds that are directed towards this target are therefore 

very good candidates for future antiviral agents.  

Despite its promising in vitro antiviral activity, the activity of polyanionic 

compounds in vivo has been hampered by several drawbacks. These 

include: their short plasma half-life (approximately 1–2 h), their rapid 

degradation in the gut and in plasma and their poor ability to penetrate and 

target infected tissues and cells. Clinical trials with oral dextran sulfate in 

HIV-infected patients were terminated soon after the drug was shown to be 

poorly absorbed, while parenteral dextran sulfate, administered by using 

the maximum safe dosage schedule, failed to lower circulating HIV antigen 

levels and, instead, produced a significant rise in circulating antigen. In 

addition, dextran sulfate infusion was associated with significant toxicity, 

especially thrombocytopenia (Flexner et al., 1991).  

Similar pharmacological difficulties are encountered by other chemo-

therapeutically important agents, such as polypeptides, proteins, 

oligonucleotides and nucleic acids, and many investigational efforts are 

presently being performed to develop drug delivery systems (e.g. 

encapsulation in lipo-polyethylenimines or in nanoparticles) to improve the 

therapeutic effectiveness of these drugs.  Also the production of lipophilic 
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drug derivatives (derivatives of the polyanioic compounds, coupled to 

hydrophobic moieties), which may have an improved pharmacokinetic 

profile, compared to their parent compounds (Lüscher-Mattli, 2000). 

Recently, new polyanionic compounds including sulfonated derivatives of 

poly(allylamine hydrochloride) (NSPAHs) and N-sulfonated chitosan 

(NSCH) have been synthesized and proved to have antiviral activity against 

influenza A and B viruses. These compounds are characterized by their high 

water solubility compared with that of other polyanionic compounds with 

well-documented anti-influenza activity like carrageenans (Ciejka et al., 

2016) 
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7. Conclusions 

 Polyanionic compounds, namely 3 co-polymers of vinyl alcohol 

sulfate with acrylic acid (PAVAS 6, PAVAS 14 and PAVAS 15) and 6 

dextran sulfate Na salts in different molecular weights (DS 1000, DS 

3400, DS 5000, DS 10000, DS 40000 and DS 70000) are potent 

inhibitors of MARV and ZEBOV viral pseudoparticles cell entry. They 

can inhibit the pseudoviral cell entry by more than 90%.  

 The cytotoxic profile of these compounds was acceptable; most 

notably, DS 3400 and DS 5000 have no detectable cytotoxic effect at 

the concentrations used in this study.  

 The half maximal inhibitory concentration (IC50) of DS 5000 that was 

selected for in depth characterization on MARV and ZEBOV viral 

pseudoparticles cell entry is obviously much lower than the 

concentrations which can exert anti-coagulant activity. 

 DS 5000 exerts a significant inhibitory effect on MARV and ZEBOV 

viral pseudoparticles entry into a variety of cell lines. 

 DS 5000 exerts a significant inhibitory effect on the cell entry of 

filoviral pseudoparticles other than MARV and ZEBOV, namely Reston 

Ebolavirus (RESTV), Tai Forest Ebolavirus (TAFV) and Sudan 

Ebolavirus (SUDV), in addition to viral pseudoparticles other than 

filoviruses, namely Rabies and Guanarito viruses. 

 Our study provides strong evidence that DS 5000 inhibits MARV and 

ZEBOV viral pseudoparticles cell entry through inhibiting the 

attachment of these pseudoparticles to the target cells via a virus-

directed mechanism; it probably binds to virus GP thus hampering 

virus-cell interactions and as a result, abrogates entry in a dose 

dependent manner.    

  It can be hoped that in the near future more attention will be given to 

improve the in vivo effectiveness of DS 5000, which, according to our 

results, has been shown to be a potent and safe anti-filoviral agent in 

vitro. 
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8. Outlook 

 
- Further testing of the effect of polyanionic compounds on filoviruses 

(in vitro, in vivo and clinically) would be necessary to evaluate the 

possibility of developing therapeutically effective antiviral agents 

against filovirus infections based on these compounds. These 

compounds may indeed prove to be candidates in the treatment of 

filoviral hemorrhagic fever, especially due to their simple chemical 

structure, which allows production costs to be low compared with 

those of the nucleoside analogs or synthetic polypeptides. Therefore 

they will be suitable to be used in the resource-limited areas in Africa, 

where the filoviral haemorrhagic fevers emerge. 

- The pharmacokinetics and in vivo effectiveness of the polyanionic 

compounds would have to be evaluated and – if possible - improved 

through production of lipophilic drug derivatives, which may have an 

improved pharmacokinetic profile compared to their parent 

compounds. 
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