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ABSTRACT 

 

 Nipah virus (NiV) and Hendra Virus (HeV) (Paramyxoviridae; Henipavirus) cause severe often 

fatal illness in humans, but can also infect swine. The presented work compared permissibility of 

porcine peripheral blood mononuclear cells to NiV and to HeV. While majority of cell 

populations did not support replication of either HeV or NiV, monocytes were permissive to both 

viruses. CD8+ subpopulations of T and NK cells were permissive only to NiV, even though they 

did not express ephrin B2 (receptor for HeV and NiV) on the surface. CHO-K1 cells transfected 

with porcine CD8α became permissive to NiV. Antibody against CD8α was able to block NiV 

replication in CD8+ cells; competition assays between HeV or NiV soluble virus attachment 

protein (sG) suggested that NiV can bind to CD8αα expressing porcine cells while HeV cannot. 

CD8αβ cells were not permissive to NiV or HeV.  The results indicate that porcine CD8α dimer 

is a receptor for Nipah virus, but not for HeV on porcine lymphocytes. This work has 

implications in vaccine design. Development of a veterinary vaccine against NiV which elicits 

cell mediated immune respose is needed.  
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Introduction 

 

1.1 Taxonomy  

 

Nipah virus (NiV) and Hendra virus (HeV) are two highly pathogenic zoonotic viruses 

found in the genus Henipavirus which also contains Mojiang virus, Ghanaian bat virus and the 

non-pathogenic Cedar virus (Weatherman et al., 2018). Cedar virus was isolated from Australian 

flying fox (Pteropus alecto and P. poliocephalus) urine. Ferrets and guinea pigs inoculated with 

Cedar virus did not develop clinical disease (Marsh et al., 2012). Mojiang virus was discovered 

in form of RNA isolated from rat urine during a study to investigate the presence of potential 

zoonotic pathogens in cave dwelling animals after three people working in an abandoned mine in 

China acquired a fatal pneumonia of unknown origin in 2012 (Wu et al., 2012). In Ghana, a 

study in which the droppings of the African straw-coloured fruit bat (Eidolon helvum) were 

sampled led to the isolation of the RNA of a novel Henipavirus, which was designated Ghanaian 

bat virus. A follow-up study found antibodies against Ghanaian bat virus or a related henipavirus 

in the sera of pigs in Ghana (Drexler et al., 2009). Nipah has two genotypes: Nipah Bangladesh 

(NiV-B) and Nipah Malaysia (NiV-M), which have differences in infectivity and pathogenicity 

(Clayton et al., 2002). 

NiV and HeV are very similar both in physical structure and at the genomic level. They 

both contain a non-segmented, negative stranded RNA genome coding for six structural proteins 

and three non-structural viral proteins. The viruses belong to the family Paramyxoviridae, found 

in the order Mononegavirales. The order Mononegavirales is host to many of the world’s most 

deadly viruses, including rabies virus and ebola viruses (Afonso et al., 2016). 
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1.2 Hendra Virus Outbreaks 

HeV was discovered in 1994 during an outbreak in horses and humans in the Hendra 

suburb of Brisbane, Australia. In this outbreak, 14 of the 20 infected horses died of the infection 

and the remaining 6 were euthanized. Two individuals who were in close contact with infected 

horses developed influenza like illness which resulted in the death of one of them (Murray et al., 

1995; Murray et al., 1996). A comparison study of the virus isolated from the deceased 

individual and one of the infected horses concluded that both the horses and humans were 

infected with the same virus: The virus contained RNA with 50% homology to the morbillivirus 

M gene (Murray et al., 1995), but the virus was not neutralized by anti-morbillivirus serum 

(Murray et al., 1995; Wang L et al., 1998).  

Outbreaks of HeV usually occur between the months of May and October (Smith et al., 

2011). From 1994-2010, there were occasional HeV outbreaks in coastal Queensland and north-

eastern New South Wales. Between 2011 and 2013, there was a spike in reports of HeV: 34 

horses were reported with HeV infection (Cowled et al., 2017). The first natural canine infection 

also occurred during this period (Anonymous, 2011). Horses are the main species that become 

infected with HeV, and human HeV infections are very rare. There have been only seven 

reported human cases, four of which were fatal (Cowled et al., 2017). Human to human 

transmission has never been observed, although HeV RNA has been isolated from the 

nasopharyngeal aspirates of infected persons (Playford et al., 2010). There is no human vaccine 

for HeV but there is a horse vaccine available which is the main preventative measure against 

transmission of HeV to horses from the natural reservoir (Middleton et al., 2014). 
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Following the initial HeV outbreak, 46 animal species were screened in an attempt to 

determine the reservoir for HeV. Detection of HeV antibodies (including neutralizing ones) in 

frugivorous bats quickly led to the identification of pteropus bats (flying foxes) as the natural 

reservoir for HeV (Chua et al., 2002; Halpin et al., 2000; Young et al., 1996). Using virus 

isolation and RT-PCR, Halpin and colleagues found HeV in pteropus bat tissues, uterine fluid, 

and urine. However, excretion of HeV by bats is extremely low, accounting for the sporadic 

nature of outbreaks of HeV (Halpin et al., 2000; Halpin et al., 2001).  

Bat to horse transmission of HeV was documented 32 times between 1994 and 2011. 

Horses are thought to get infected by consuming food that has been contaminated with bat saliva 

and urine (Murry et al., 2005). HeV is transmitted horse to horse through airborne transmission 

and direct contact (Selvey et al., 1996).  

 

1.3 Nipah Virus Outbreaks 

 

In 1998/1999, an outbreak of what was originally thought to be Japanese encephalitis 

virus (JEV) occurred in Malaysia (Chua, 2003). In this outbreak, there were a total of 265 

reported human cases and 105 deaths. It was determined that close contact with pigs was the 

primary source of human infection (Parashar et al., 2000). It later became clear that the outbreak 

was caused by the previously unknown virus, which was transmitted from pigs to humans. NiV 

was first isolated from an ill individual from a small village in Malaysia called Sungai Nipah, 

after which the virus was named (Chua et al., 2000). Sequencing studies concluded that NiV 

isolates collected from pigs had identical sequences to the NiV isolates collected from humans 

during the outbreak (AbuBakar et al., 2004). The Malaysian government culled over one million 

pigs in order to stop the outbreak, causing severe economic loss (Uppal, 2000).  
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It was later discovered that urine and saliva from fruit bats (P.hypomelanus and P. 

vampyrus) and fruit partially eaten by these fruit bats contained NiV (Chua et al., 2002; Chua, 

2003). NiV neutralizing antibodies were found in 7% to 58% of P. vampyrus and P. 

hypomelanus in Malaysia, depending on region (Yob et al., 2001; Daszak et al., 2006), and also 

in Cambodia, Bangladesh, and other Asian countries (Hsu et al, 2004; Reynes et al., 2005). 

When P. poliocephalus bats were infected experimentally with NiV, no clinical signs were 

present (Middleton et al., 2007). 

All the cases of human NiV-Malaysia infections were in people who worked with pigs. 

NiV infection is thought to have occurred by ingestion of contaminated fruit; subsequently, the 

pigs transmitted the virus to humans and other pigs by direct exposure to bodily fluids and 

aerosols (Chua et al., 2000). Pig to human transmission is thought to have occurred through close 

range exposure to infectious respiratory secretions of pigs, especially during feeding times, when 

pigs squeal and aerosolize considerable amounts of these secretions (Luby et al., 2012; Tan et al., 

1999). Human to human transmission was also observed in the Malaysian outbreak but 

infrequently (Tan & Tan., 2001; Parashar et al., 2000). There has been no occurrence of the NiV 

Malaysia strain since the initial 1998/1999 outbreak. 

In Bangladesh, there were eight NiV outbreaks from 2001-2008 which resulted in 135 

human cases and 98 human deaths (Clayton, 2017; Hsu et al., 2004; Luby et al., 2006; 

Montgomery et al., 2008). Since 2008, there have been NiV outbreaks nearly annually. The 

mode of transmission of the NiV Bangladesh to humans is by the ingestion of raw date palm sap 

contaminated by bats, and can be followed by human to human transmission (Luby et al., 2012; 

Hsu et al., 2004).  Due to the respiratory distress in patients with NiV-B infection, airborne 

transmission to people who were in contact with an ill individual is likely. Transmission from 
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dead people was also observed (Chakraborty et al., 2016; Hegde et al., 2016; Weatherman et al., 

2018). NiV Bangladesh also had increased viral shedding which may have led to higher human 

to human transmission (Pulliam et al., 2011). 

A henipavirus outbreak occurred in the Philippine villages of Tinalon and Midtungok in 

2014. IgM ELISA results were positive for NiV antibodies. RT-PCR analysis confirmed short 

NiV sequence in one serum sample five days after clinical onset.  ELISA was used to confirm 

that 17 people and 10 horses had been infected. Of the 17 human cases, 9 had died; all 10 of the 

infected horses had died as well (Ching et al., 2015). Transmission to humans was from direct 

exposure to infected horses and consumption of undercooked horse meat. Human to human virus 

transmission was also evident in this outbreak (Ching et al., 2015). 

In 2018, there was an outbreak of NiV in the Kozhikode and Malappuram districts of 

Kerala, India. There were 17 deaths and 18 confirmed cases as of June 1, 2018. NiV was 

confirmed as the etiological agent by testing throat swabs, urine and blood samples of ill 

individuals using RT-PCR and IgM ELISA for NiV by the National Institute of Virology in Pune 

(Arunkumar et al, 2018).  
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1.4 Nipah and Hendra Virus Infections in Humans 

NiV can manifest as influenza like illness with consequences ranging from a simple fever 

to death. The virus can affect multiple organ systems and displays preferential respiratory and 

neurological tropism (Gurley et al., 2007). In humans, NiV infection mainly takes the form of 

severe acute encephalitis. Many NiV-infected patients also developed reduced levels of 

consciousness (Wong et al., 2002). During the Malaysian outbreak, 12 survivors of acute 

encephalitis later had relapse of encephalitis. Ten individuals who initially had acute, non-

encephalitic or asymptomatic infection suffered from late-onset encephalitis. Of the 22 total 

cases of relapsing encephalitis, four died (Tan et al., 2002; Chong et al., 2003). 

Respiratory disease is more common with NiV Bangladesh infection: 62% of people who 

were infected had cough and 69% of people had respiratory difficulty compared to 14% of 

people infected with NiV Malaysia who experienced cough (Hossain et al., 2008; Goh et al., 

2000). 

Pathology of NiV in humans: 

During the first outbreak in Malaysia, patients presented primarily with encephalitis and 

autopsy studies revealed there was substantial central nervous system (CNS) involvement with 

strong immunostaining of neuronal and endothelial cells. 

Pathological clinical investigations on NiV infections have determined that NiV infects 

multiple organ systems. Vasculitis was found in the blood vessels in the CNS, lung, heart, and 

kidney. Plaques of necrosis were found in both the gray and white matter of the brain with 

diameters that ranged from 0.2 mm to 5 mm. Severe lung involvement was described as fibrinoid 

necrosis, vasculitis, alveolar hemorrhage, and pulmonary edema.  The spleen, lymph nodes, and 
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kidneys were also greatly affected, liver and skeletal muscle were not impacted (Wong et al., 

2002).  

Susceptible human PBMCs cells to NiV: 

Research groups have contradicting results on NiV replication in human monocytes. 

Mathieu et al. (2011) reported that human monocytes are not permissive to NiV. Chang et al. 

(2006) observed that the human monocyte cell line THP-1 is permissive to NiV: however, only 

low level of infection was observed in these cells and CPE was not observed until 48 hpi. Where 

as human lung fibroblast cells (MRC5) cells, porcine stable kidney cells (PS), and human 

neuronal cells (SK-N-MC) began to show CPE at 24 hpi. Gupta et al. (2013) and Mathieu et al. 

(2011) have determined that human dendritic cells (DCs) are permissive to NiV. Mathieu et al. 

(2011) also reported that NiV could bind to monocytes, macrophages, or lymphocytes which 

then act as a transport mechanism for the virus without any viral replication. Findings from 

Chang et al. (2006) indicate that since infected monocytes do not die quickly, they can 

effectively help in virus spread.  

Hendra Infections in Humans 

HeV like NiV, can manifest with consequences ranging from a simple fever to death. It 

has a human case fatality rate of 60% and takes form of influenza-like illnesses progressing to 

encephalitis (Escaffre et al., 2013).  

Pathology of HeV in humans: 

There have been few reports on HeV infection in humans. Pathology findings of HeV 

infection are similar to NiV. One case of relapsing encephalitis has been reported. Vasculitis was 

observed in blood vessels in the brain, lung, kidney and heart. Viral antigens were observed in 
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vascular endothelial cells and smooth muscle cells in the brain, lungs and kidneys. There was 

severe inflammation and necrosis in the lungs (Wong et al., 2009).  

Clinical presentation is very similar to NiV infection (Wong et al., 2002; O'Sullivan et 

al., 1997). High grade fever, encephalitis, ataxia, dysarthria, and seizure are common. Multifocal 

lesions were found in HeV infections (Playford et al., 2010). The pathway by which HeV and 

NiV enter the CNS is still unknown, but studies have suggested that there is involvement of the 

olfactory bulb. For example, it has been shown in mice, hamsters, and swine that NiV and HeV 

can enter the CNS through the olfactory route (Rockx et al., 2011; Weingartl et al., 2005; 

Munster et al., 2012; Dups et al., 2012; Li et al., 2010). Cell culture studies have shown that 

human olfactory epithelial cells can be infected with HeV, NiV Malaysia, and NiV Bangladesh; 

these cells may serve as a site of entry into the CNS (Borisevich et al., 2017).  

Human PBMCs susceptible to HeV: 

Permissibility studies on human peripheral blood lymphocytes and macrophages show 

that HeV G and F proteins were unable to induce fusion to these cells, rendering the virus 

incapable of infection (Bossart et al, 2001). 

 

1.5 Nipah and Hendra Virus Infection in Pigs 

Field infections: 

Respiratory distress is prevalent in NiV infection in pigs. Acute febrile illness was 

described in pigs. Piglets developed fever, nasal discharge, and a harsh, non-productive cough 

which gave rise to the name porcine respiratory and encephalitis syndrome or barking pig disease 

(Nor et al., 2000). Neurological signs, such as rear leg weakness, muscle fasciculation, and 

spastic paresis were observed. Suckling pigs showed high death rate compared to sows, boars, 
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and grower pigs. Lesions were found in lungs and meninges infected with NiV (Brockmeier et 

al., 2012). 

There has been no natural HeV infection reported in pigs.  

NiV Experimental infections: 

NiV inoculation of pigs leads to different outcomes depending on route and dose of virus. 

The age of pigs used for experimental infections ranges between 5 and 9 weeks. Subcutaneous or 

nasal inoculations with inoculum titres between 5 X 104 and 5 X 105 pfu/pig consistently resulted 

in the development of advanced neurological signs, requiring euthanasia in some pigs 

(Middleton et al., 2002; Weingartl et al., 2005). Eight week old conventional pigs inoculated 

subcutaneously showed signs of disease earlier (7 dpi) than those inoculated orally, which did 

not develop signs of disease before the end of the study at 21 dpi (Middleton et al., 2002). In five 

week old crossbred Landrace female pigs, nasally or oronasally inoculated pigs may result in 

invasion of the central nervous system and may show neurological signs such as difficulty 

standing, a wide stance, restlessness, severe shivering and seizures (Weingartl et al., 2005). NiV 

was isolated from the upper and lower respiratory tract, submandibular lymph nodes, bronchial 

lymph nodes, retrobulbar lymphoid tissue, tonsil, spleen; and nervous tissue such as the 

trigeminal ganglion (Weingartl et al., 2005). Secondary infection by Enterococcus faecalis, 

Streptococcus suis, and Staphylococcus hyicus were detected in NiV infected piglets (Berhane et 

al., 2008). 

Pathology: 

In infected pigs, syncytia were detected in vascular, nervous, and lymphatic systems. The 

bronchi and trachea were filled with frothy fluid and blood. Enlarged lymph nodes were 
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observed and during neurological cases, the meninges were often congested. In the lungs, 

pneumonia with the infiltration of mononuclear cells is seen (Brockmeier et al., 2012). 

Porcine PBMCs susceptible to NiV: 

Previous studies showed that NiV does not replicate in porcine B cells or CD4−CD8−, 

and CD4+CD8− T cells but does replicate in porcine monocytes, CD4−CD8+, CD4+CD8+ T 

cells, and CD16+ NK cells (Stachowiak & Weingartl., 2012). The authors also observed that 

CD8+ hi T cells were highly permissive to NiV with almost complete elimination of this 

population at 24 hours post inoculation (hpi) in vivo.  

Immune response: 

Vaccination experements against NiV have been promising. The need for a vaccine that 

ilicits cell-mediated and humoral immune response is critical. Weingartl et al. (2012) used a 

Canarypox virus-based vaccine vector carrying the gene for either NiV glycoprotein or the 

fusion protein were intramuscularly immunized pigs. They also immunized using both in the 

same animal. The pigs were then boosted 14 days post vaccination and challenged with 2.5 × 105 

PFU of NiV two weeks later. The vaccinated pigs were protected from the challenge and the 

vaccine stimulated production of protective antibody levels, and both type 1 and type 2 cytokine 

responses. PBMCs from the vaccinated immunized with both F and G vaccines group produced 

higher IL-10, TNF-α, and IFN-γ expression when compared to the non-vaccinated group and 

singular F or G vaccinated pigs, indicating a requirement also for cell-mediated immune 

response. 

Pickering et al., (2016) confirmed that a cell-mediated and humoral immune response is 

needed for full protection against NiV infection in swine. Pigs that had been orally inoculated 

with NiV had a large population of NiV memory cells (based on upregulation of the activation 
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IL-2 receptor (CD25) on CD4+CD8+ and CD4+CD8- cells), developed protective antibody 

levels and were fully protected 28 days later against nasal challenge with NiV. 

 Stachowiak & Weingartl (2012) noted that a decrease in the population frequency of 

CD4+CD8− T cells was related to pig death. In NiV-infected pigs, there was a decrease in 

population frequency of CD4+CD8− T cells in the piglets that succumbed to NiV infection while 

the CD4+CD8− T cell subset expanded in the piglets that lived. This indicated that humoral 

immunity is important in the clearance of NiV in pigs as well. 

A humoral immune response against NiV is indicated by the development of antibodies 

in pigs that recovered from the clinical disease and cleared the virus. Berhane et al (2008) found 

that pigs started to develop neutralizing antibodies against NiV at around 7 to 10 dpi, and high 

neutralizing antibody titers were reached by 16 dpi. 

HeV experimental infections: 

 Five-week-old Landrace pigs were used in the experimental infection with HeV. The pigs 

were inoculated oronasally with approximately 107 PFU/pig (Li et al., 2010). HeV-infected pigs 

exhibited an inability to rise from a lying position, severe depression, respiratory distress, and 

increased rectal temperature (Li et al., 2010). HeV was isolated from tonsils; bronchoalveolar 

lavage fluid (BALF); and oral, nasal and rectal swabs of pigs (Li et al., 2010). HeV can infect 

pigs; thus, pigs could play a role as an intermediate host for the spreading of the virus to humans.  

Pathology: 

HeV-infected pigs had petechial hemorrhages on kidneys and interstitial pneumonia in 

the lungs. A high viral dose was linked to CNS invasion and resulted in infection of the olfactory 

bulb. At a lower viral inoculation dose, HeV was not able to invade the CNS (Pickering et al., 

2016). HeV neutralizing antibodies were detected at 5 dpi in HeV-infected pigs (Li et al., 2010).  
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1.6 A) Genome and Virion Structure 

 

 

NiV and HeV are negative-stranded enveloped RNA viruses and have the same genome 

structure. HeV has a genome size of 18,234 nucleotides and NiV has one of 18,246 nucleotides 

(Satterfield et al., 2015). NiV and HeV genomes are approximately 15% larger than those of 

other viruses in the family Paramyxoviridae. NiV and HeV are enveloped and pleomorphic and 

are 500 nm in diameter (Hyatt et al., 2001). The genomes of both viruses are organized into six 

genes in the following order: 3` leader, N, P, M, F, G and L genes, and a 5’- trailer (Figure 1).  

At the ends of the RNA genome, there is a 3’ extracistronic leader sequence and a 5’ 

extracistronic trailer sequence that are critical for transcription and replication. Each gene is 

flanked by intergenic regions containing transcriptional control sequences (Lamb & Parks, 

2007). The N gene codes for the nucleoprotein. The P gene codes for the phosphoprotein as well 

as the non-structural V,W and C proteins. The C protein is encoded by an alternate open reading 

frame in the 5′ end of the P gene and does not have any amino acid identity with the P, V, or W 

protein (Kulkarni et al., 2009). The M gene codes for the matrix protein; the F gene codes for the 

fusion protein; the G gene codes for the attachment glycoprotein; and the L (large) gene codes 

for the RNA-dependent RNA polymerase (Wong et al., 2002). NiV and HeV RNA are 

encapsidated by the N protein at a ratio of 1 N protein for every 6 nucleotides. This is called the 

rule of six. (Halpin et al., 2004) 

 

1.6 B) Virus Replication 

Figure 2 highlights the replication strategy of NiV and HeV: NiV or HeV binds to 

cellular receptors ephrin B2/B3 via the G glycoprotein, and the F protein mediates fusion of the 

viral envelope with the cell membrane. The viral ribonucleoprotein (RNP) complex is released 
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into the cytoplasm followed by transcription. The NiV/HeV RNA polymerase complex (P and L 

proteins) only transcribes or replicates encapsidated viral genomes. During transcription, the 

viral polymerase begins RNA synthesis at the 3’ end of the genome and transcribes the gene into 

mRNA sequentially (N to the L gene) by terminating and reinitiating at each of the gene 

junctions. (Each gene has a gene start (GS) and gene end (GE) sequence.) The genes closer to the 

3’ end (N gene) are produced at higher copy numbers than the genes closer to the 5’ end (L 

gene), as the polymerase may fall of the template at the end of a gene and fail to reinitiate the 

transcription at the next GS signal. 

Following primary transcription and translation, presumably once sufficient amounts of 

proteins are produced, genome synthesis and secondary transcription are initiated, and 

complementary cRNA becomes a template for replication of more viral vRNA.  

After transcription and translation, the N and P proteins form nucleocapsids (Wong et al., 

2002) and the G and F proteins are transported to the cell membrane under the direction of the 

endoplasmic reticulum (ER) and the Golgi apparatus. The F protein is proteolytically cleaved in 

endosomes to become functionally mature. NiV M protein mediates virus assembly and budding 

of the virions (Diederich et al., 2005; Vogt et al., 2005; Pager et al., 2006). 
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Figure 1: Diagram of Nipah virus and Hendra virus genome arrangement and 

virion structure. 
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Figure 2: NiV and HeV replication cycle.1) NiV or HeV binds to cellular receptors 

ephrin B2/B3 via the G glycoprotein and 2) F protein mediates fusion of the viral membrane to 

the cell membrane for the virus to enter the cells. The viral RNP complex is released into the 

cytoplasm followed by transcription and translation. 3-5) The viral polymerase begins RNA 

synthesis at the 3’ end of the genome and transcribes the gene into mRNA sequentially (N to the 

L gene) by terminating and reinitiating at each of the gene junctions. Complementary cRNA 

becomes a template for replication of more viral vRNA. 6) Assembly and budding follow. 
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1.7 Nipah virus and Hendra virus Structural Proteins 

 

Glycoprotein 

 

The glycoprotein protein (G) is a type II membrane glycoprotein and the main virus 

attachment protein. Its amino terminus is on the interior of the virion and the carboxy terminus is 

on the exterior (Figure 3). The G protein is also the main antigen that elicits neutralizing 

antibodies. The NiV/HeV G have neither hemagglutinating nor neuraminidase activities; thus 

both viruses are the first identified members of the subfamily Paramyxovirinae whose 

glycoproteins have neither activity (Yu et al., 1998). The HeV G protein is 604 amino acids in 

length, while the NiV G protein has 602 amino acids (Wang et al., 2001). The G protein is 

comprised of a cytoplasmic tail, a transmembrane region which anchors the protein to the viral 

envelope, a stalk and a globular head (Figure 3). The globular head of the G protein folds into a 

β-propeller that consists of six blades. The blades are composed of four antiparallel beta sheets. 

Disulfide bonds are located between every blade and link the beta sheet from one blade to the 

beta sheet of the adjacent blade. There are two additional disulfide bonds: one between blades 

three and four, and one between the N- and C-termini of the globular head (Bowden et al., 2008). 

In the NiV G head domain, there are five asparagine-linked glycosylation sites (N306, N378, 

N417, N481 and N529) (Bowden et al., 2008; Bowden et al., 2010). The HeV G head domain 

has the same five predicted N-linked glycosylation sites (Xu et al., 2012). 

Fusion Protein 

The fusion protein (F) is a type I membrane glycoprotein that is required for the fusion of 

the viral and host-cell membranes. Its carboxy terminus is on the interior of the virion and its 

amino terminus on the exterior (Figure 4). The fusion process of NiV and HeV is a pH-
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independent process for viral entry (Tamin et al., 2002). HeV and NiV F proteins are both 546 

amino acids in length (Wang et al., 2001). The F glycoprotein consists of two alpha-helical 

domains, referred to as heptad repeats, which form a trimer-of-hairpins structure before entry and 

a six-helix bundle during and immediately following fusion (Singh et al., 1999; Hughson et al., 

1997). The F protein consists of two subunits, F1 and F2, which are generated by the proteolytic 

cleavage of F0 (Wang et al., 2001). This cleavage is performed by cathepsin L or B (Diederich et 

al., 2012). The F1 subunit protein structure is comprised of an N-terminal hydrophobic peptide 

domain, two heptad repeat domains, a transmembrane domain, and a cytoplasmic tail. The F2 

region has not been researched in depth.   

The basic amino acid residue in the HeV F protein cleavage site is lysine; in NiV, it is an 

arginine (Michalski et al., 2000; Wang et al., 2001). Another difference between HeV and NiV is 

that in HeV, both the cleaved F1 and uncleaved F0 forms of the fusion protein are present in 

approximately equal amounts. In NiV, the F protein appears to be completely cleaved (Wang et 

al., 2001). 

Nucleoprotein 

 

The nucleoprotein (N) stabilizes and encapsulates the RNA of the virus. NiV and HeV N 

proteins are 532 amino acids in length and can self-assemble into ring-like structures (Wang et 

al., 2001; Eshaghi et al., 2005). The NiV and HeV N proteins are comprised of two domains. The 

аmino-terminаl domain is responsible for the specific interaction with the RNA and other N 

proteins. The cаrboxy-terminаl domain interacts with the P protein of the virus (Wang et al., 

2001; Chan et al., 2004; Blocquel et al., 2013). 

Matrix Protein 
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The matrix protein or M protein provides stability to the virion by interacting with the 

viral envelope surface glycoproteins. Both the NiV and HeV M proteins are 352 amino acids in 

length (Wang et al., 2001). The N terminal domains of the NiV M protein are essential for virus 

budding (Bharaj et al., 2016). Expression of the whole M protein can mediate budding with or 

without co-expression of NiV F and G (Ciancanelli & Baseler, 2006). As a result, NiV M has a 

central role in the release of VLPs (Patch et al., 2007). The M protein also has IFN antagonist 

functions and interferes with the host antiviral response: it interacts with TRIM6 to induce 

TRIM6 degradation. This leads to the inactivation of IKKε, which is involved in IFN-I 

production and IFN-I signalling (Bharaj et al., 2016). 

L Protein 

The L gene encodes the RNA-dependent RNA polymerase (L) protein. This protein has a 

size of 2244 amino acids (Wang et al., 2001). The L protein is conserved within henipaviruses 

(Murphy et al., 2009).The NiV and HeV L proteins form a complex with the P protein, which is 

required for polymerase activity (along with the N protein and RNA templates).  L protein 

functions include initiation, elongation, and termination in both mRNA transcription and genome 

replication (Rota et al., 2012).  

Phosphoprotein 

The HeV P protein has 707 amino acids, while the NiV P protein has 709 amino acids. 

The P-gene encodes for the P protein and three non-structural proteins: V, W and C (Wang et al., 

2001). The V and W proteins are translated from edited P gene mRNA. One or two non-

templated G residues are inserted into the editing site by the polymerase protein during 

transcription in a mechanism called polymerase stuttering, which creates a frameshift mutation 

and creates a stop codon (Rodriguez et al., 2004). The V protein is created by the insertion of one 



33 
 

guanine base and the W protein is created by the insertion of two. The C protein has its own open 

reading frame that is 23 nucleotides downstream of the trаnslаtion initiation site of the P ORF 

(Kulkarni et al., 2009). It is important to note that HeV does not have a W protein, but the NiV 

does. Instead, the HeV P gene contains an open reading frame that potentially encodes for a 

small basic (SB) protein with a very high isoelectric point. However, no function of the protein 

has been identified (Wang et al., 2001).  

The NiV and HeV P proteins contain disordered and ordered domains that are required to 

form a complex with the nucleocapsid (Habchi et al., 2010). The P protein is phosphorylated on 

serine residues, which allows it to interact with the N protein during virus genome replication 

and transcription (Shiell et al., 2003).  

Recombinant protein studies conducted in henipavirus infected Vero cell lines showed 

that the P and V proteins were detected in cytoplasm, while the W protein was found in the 

nucleus (Lo et al., 2009). However, in NiV infected human endothelial cell lines, the W protein 

is detected only in the cytoplasm (Lo et al., 2010). In NiV infected Vero cell lines, the C protein 

is found scattered in the perinuclear region (Lo et al., 2009). The locations of the P gene products 

are cell type-specific.  
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Figure 3: Structure of membrane attached (left) or soluble (right) forms of G 

protein. The blue stalk C-terminal region that triggers F is covered by the NiV-G head(s). 

Soluble G lacks the transmembrane and cytoplasmic tail regions, but it is replaced with an 

immunoglobulin κ leader sequence.   

 

 

 

 

 

 

 

Figure 4: Structure of NiV/HeV fusion protein.  

Envelope 
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1.8 Function of the Non-Structural Proteins 

The NiV and HeV non-structural proteins are involved in the henipavirus life cycle by 

regulating replication and evading the innate immune response by hindering the Janus 

kinase/signal transducers and activators of transcription (JAK/STAT) signaling pathway. 

The NiV and HeV non-structural protein can alter replication of virus. In Vero cells, 

which do not produce IFN, growth of rNiV(ΔC) was slower and its maximum titer was lower 

than that of rNiV (WT) (Sleeman et al, 2008; Yoneda  et al., 2010). The closely related measles 

virus C protein was shown to bind and decrease host protein SHCBP1 which leads to reduced 

RNA synthesis (Ito et al., 2013). 

The JAK/STAT signalling pathway functions in immunity, cell division, and cell death 

(Rodriguez et al., 2002; Shaw et al., 2004). The P, V, and W proteins have a common STAT1-

binding domain (Shaw et al, 2005). The N-terminal end of the P/V/W proteins binds to STAT1 

and thereby interferes with the activation of the JAK/STAT pathway (Eaton et al., 2006). The W 

protein has the strongest interaction with STAT1 while the P protein has the weakest (Shaw et al, 

2005).  

The V protein is able to bind to STAT1/STAT2 and STAT1/STAT1 dimer. NiV V has 

been shown to bind STAT1 in porcine cells (Hagmaier et al, 2006).  

The STAT pathway is not the only pathway blocked by the non-structural proteins. When 

in the nucleus, the NiV W protein blocks the Toll-like receptor 3/TIR-domain-containing 

adapter-inducing interferon-β (TLR3/TRIF) pathway which functions in innate immune response 

against RNA viruses. The V proteins of NiV and HeV and the W protein of NiV bind to the 

Melanoma Differentiation-Associated protein 5 (MDA5) helicase and Probable ATP-dependent 

RNA helicase DHX58 (LGP2) proteins in 293FT cells to suppress retinoic acid-inducible gene-I-
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like receptor (RLR) signalling resulting in the blocking of IFN-β production (Childs et al., 2007; 

Parisien et al., 2009). NiV and HeV C proteins inhibit TRL7/9-dependent IFN-α induction by 

binding to IKKs and inhibiting phosphorylation of IRF-7 (Yamaguchi et al, 2014).  

 

1.9 Receptors for Hendra and Nipah virus 

In order to establish whether the G protein determines the known cell line tropism of 

NiV, Aguilar et al (2005) generated an immunoadhesin by fusing the ectodomain of NiV-G with 

the Fc region of human IgG1 (NiV-G-Fc). The NiV-G-Fc immunoadhesin bound to the fusion-

permissive 293T, HeLa and Vero cells (Bossart et al., 2002; Guillaume et al., 2004), but not to 

the permissive but non-susceptible Chinese hamster ovary (CHO-pgsA 745), pig kidney 

fibroblast (PK13) and human Raji B cells (Bossart et al., 2002). An experiment was done in 

which NiV-G-Fc was used to immunoprecipitate the receptor used by NiV for entry. NiV-G-Fc 

immunoprecipitated a 48 kDa protein from the surface of permissive 293T and Vero cells, but 

not from the permissive but not susceptible CHO-pgsA 745 cells. Using mass spectrometry, 

ephrin B2 was identified as the receptor (Negrete et al., 2005).  

The G proteins of HeV and NiV bind to ephrin B2 or ephrin B3 ligands which serve as 

cellular receptors for both viruses (Negrete et al., 2005; Negrete et al., 2006; Bonaparte et al., 

2005). The ephrin B-ligands are highly conserved across many mammalian species including 

humans (Drescher, 2002; Mellott & Burke, 2008; Xu & Ma, 2016). They function with their 

respective receptors, Eph proteins, in cell-to-cell communication; regulation of cell attachment 

and repulsion; vasculogenesis; and axonal guidance (Pasquale 2008; Lisabeth et al., 2013).  

Ephrin B2 is a transmembrane-anchored ligand of the receptor tyrosine kinases Eph2, 

Eph3 and Eph4 (Poliakov et al., 2004) and is expressed on multiple cell types such as neurons, 
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smooth muscle cells, and endothelial cells of arteries and capillaries (Frisén et al., 1999; 

Flanagan & Vanderhaeghen, 1998; Wang et al., 1998). Ephrin B2 is essential for embryo 

development and homeostasis of many adult organs (Pasquale, 2008). Its broad distribution 

corresponds with the broad cellular and tissue tropism of NiV and HeV. Surface expression of 

ephrin B2 was also found on human CD14 monocytes (Bennett et al., 1995) but it is not known if 

lymphocytes express ephrin B2 on the surface.  

In order to establish that ephrin B2 is a cellular attachment receptor for NiV, Negrete et 

al., (2006) used a soluble HA-tagged ectodomain of NiV-G (sNiV-G-HA) in an ELISA to 

demonstrate that NiV-G binds directly to soluble ephrin B2-Fc but not to ephrin B1-Fc.  

In addition, ephrin B2-Fc but not ephrin B1-Fc competes for sNiV-G-HA-binding on 

permissive 293T cells. NiV-G-Fc binds to ephrin B2-transfected CHO-pgsA 745 cells but not to 

non-transfected CHO-pgsA 745 cells. Additionally, fusion of NiV-F/G-expressing human 

microvascular endothelial cells (HMVECs) was inhibited by soluble ephrin B2 or EphB4 but not 

by ephrin B1. It was also shown that when Chinese hamster ovary cells (CHO) (which are 

negative for ephrin B2/B3 expression and not permissive to NiV) became permissive to NiV 

after transfection with ephrin B2 or B3 (Negrete et al., 2006). Virus replication was also blocked 

using an anti-ephrin B2 antibody (Bonaparte et al., 2005; Negrete et al., 2005). From these 

results it can be concluded that NiV fusion and infection in cell lines, including an in vivo target 

cell for NiV infection, depends on ephrin B2. 

Ephrin B3 is also a receptor for NiV (Negrete et al, 2006). HeV can use ephrin B3 as 

well, but with much less efficiency than NiV (Negrete et al., 2007). The greater efficiency in the 

use of ephrin B3 by NiV may explain the differences in pathology seen in NiV infections 

compared to HeV infections. In mice, ephrin B3 is expressed more predominantly in the brain 
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stem than ephrin B2. Infection of the brain stem during NiV infection has been strongly 

associated with death (Negrete et al., 2007; Goh et al., 2000). Ephrin B3 is also expressed on 

surfaces of murine CD8+ and CD4+ T lymphocytes and monocytes/macrophages, but not B cells 

(Yu et al., 2003). It is not known whether human or porcine lymphocytes express ephrin B3 on 

their surfaces. The NiV-permissive monocyte-derived DCs of humans express ephrin B3 but not 

ephrin B2 on the cell surface (Gupta et al., 2013). 

 

1.10 Binding of NiV/HeV G to Ephrin B2/B3 

B-class ephrins contain a globular domain comprised of eight β-strands (referred to as A-

D, F-H and K) surrounding a hydrophobic core (Toth et al., 2001). The major structural 

difference between ephrins B2 and B3 is the G-H loop, which is a 15 amino acid linker region 

between β-strands G and H. The linker is primarily responsible for the binding of ephrins to Eph 

receptors (Koolpe et al., 2005). Only a short stretch of amino acids within the ephrin B2/B3 G-H 

loop binds in the groove of the globular head of HeV and NiV-G; the only difference between 

ephrin B2 and ephrin B3 being F117 and Y120, respectively (Bowden et al., 2008; Xu et al., 

2008).  

Binding of ephrin B3 to the NiV G protein can be localized to the residue Val507 in NiV 

G (Negrete et al., 2007). HeV does not use ephrin B3 as effectively as ephrin B2, possibly 

because HeV has a serine in place of the NiV valine at amino acid 507. In an experiment by 

Negrete et al. (2007), changing the globular head residue 507 of the HeV G protein from serine 

to threonine allowed HeV to bind and enter via ephrin B3 with comparable efficiency to NiV. 

Upon binding of the G protein to ephrin B2/B3, a conformational change occurs in the G 

tetramer that exposes the stalk domain residues (in the receptor activation site) which activates F.  
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Both ephrin B2 and the NiV/HeV G protein undergo conformational changes in order to 

form a complex. In the NiV-G-ephrin B2 complex, Isoleucine 588 and Tyrosine 581 of NiV G 

play a part in the formation of a binding pocket that binds to Phenylalanine 120 of ephrin B2 

through hydrophobic interactions. The G-H loop (Glutamate 119 to Leucine 127) of ephrin B2 

also exhibit changes in conformation. During HeV-G-Ephrin B2 binding, the only region on 

ephrinB2 that shows rearrangements upon HeV-G binding is the G-H loop. Ephrin-B2 attaches 

to the upper face of the NiV/HeV-G β-propeller and the ephrin-B2 G-H loop inserts into the 

NiV/HeV-G central cavity (Bowden et al., 2008). 

1.11 Porcine Peripheral Blood Mononuclear Cells (PBMCs) 

PBMCs are a critical component of the immune system. They are a subset of the white 

blood cells which have a single round nucleus. PBMCs are made up of several cell populations 

including monocytes, dendritic cells (DC), natural killer (NK) cells, B cells, and T-cells. These 

cells are a major component in the immune system (Autissier et al., 2010; Murphy et al., 2008; 

Corkum et al., 2015). 

Monocytes and dendritic cells 

Monocytes express CD14 marker, and non-conventional monocytes are also CD16+. 

Porcine monocytes are also identified by the expression of the SW3 (CD172a) marker (Piriou-

Guzylack et al., 2008).  

Monocytes function in phagocytosis, antigen presentation, chemokine and cytokine 

production, e.g. pro-inflamatory or CD4 Th1 and CD4 Th2 regulatory, such as IL-10 (Chaplin 

D., 2010). Monocytes divide and differentiate into macrophages or dendritic cells following 

migration into tissues. Two forms of DCs are present in the porcine immune system: 

conventional DC (cDC) and plasmacytoid DC (pDC) which remain in blood. DCs are potent 
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antigen-presenting cells that are able to prime naive T-cell responses. Porcine cDCs control T 

cell activation and regulation, as well as antigen presentation to B cells and induction of B-cell 

proliferation and isotype switching (Balázs et al., 2002; Johansson et al., 2000). Porcine pDC are 

important in virus infections and have the produce large quantities of IFN-α and inflammatory 

cytokines TNF-α, IL-6, and IL-12 (Summerfield & McCullough., 2009). Porcine dendritic cells 

express the SW3 (CD172a) marker similarly to monocytes (Piriou-Guzylack et al., 2008).  

B cells 

B cells are part of the adaptive immune system; porcine B-cells can be identified by 

expression of the CD21 cell surface marker (Piriou-Guzylack et al., 2008). The same five 

immunoglobulin (Ig) isotypes that are found in humans and mice are also found in swine: IgM, 

IgD, IgG, IgE and IgA.  B cells are primarily involved in the production of antibodies but also 

secrete IFN-gamma, IL-6, and IL-10 (LeBien et al., 2008). In piglets, plasma cells mainly 

produce IgM (Brown and Bourne, 1976).  

T cells 

T-cells are a type of white blood cell that expresses the T-cell receptor. These cells 

mature in the thymus and can be identified by their expression of the CD3 cell surface marker 

(Chaplin D., 2010). When an antigen presenting cell (APC) such as a DC or macrophage 

encounters a foreign antigen, the antigen is phagocytosed, cleaved into peptides, and displayed 

on the surface of the APC in complex with an MHC molecule. The T cell receptor (TCR) (CD3) 

and its co-receptor CD8 interact with major histocompatibility complex I (MHC I) molecules on 

the cytotoxic T cells. Internalization of the CD8-MHC 1-TCR complex is cell type specific: in 

murine fibroblasts, internalization is mediated through large cell surface invaginations; in human 
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T lymphocytes, internalization of the TCR-MHC occurs by clathrin-dependent endocytosis 

(Dietrich et al., 1994; Liu et al., 2000).  

The CD8 marker also plays a role in T cell signalling by associating with Src kinase 

p56lck (lymphocyte-specific protein tyrosine kinase) (Zamoyska, 1994). Lck phosphorylates 

CD3ζ (zeta)of the TCR complex.  

Porcine CD8 molecule 

The porcine CD8 is a dimeric molecule expressed on T lymphocytes and NK cells. CD8 

is expressed predominantly as a αβ heterodimer on rodent and human lymphocytes, while on 

porcine lymphocytes the CD8 molecules are predominantly αα homodimers. Pigs have 

circulating pools of CD4+CD8αα+ and CD4–CD8αα+ cells (Summerfield et al., 1996; Lunney et 

al., 1996; Piriou-Guzylack & Salmon, 2009; Zuckermann et al., 1998) and porcine 

CD4+CD6+CD8αα+ T cells. Table 1 lists cell types expressing CD8α.  

Porcine CD4-CD8+ cells 

CD4-CD8+ cells are called cytotoxic T cells. These cells express the CD8αβ and not 

CD8αα. They can make up 8–21%, and up to 40% of the PBMCs. These cells bind to foreign 

antigens in an MHC class I-restricted manner and secrete cytokines that kill target cells 

(Saalmueller A., 1998). 

Porcine CD4+CD8+ cells 

The hallmark of the porcine immune system is the presence of CD4+CD8+ lymphocytes 

in high proportions in the peripheral blood. In pigs, it has been shown that CD4+ T cells can 

permanently express a CD8αα homodimer after stimulation by antigen, resulting in extrathymic 

CD4+CD8+ cells (Butler et al., 2006).The percentage of CD4+CD8+ cells in the peripheral 

blood can range from 10-60%, increasing with age of the animal. CD4+CD8+ cells can act as 
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memory T-helper cells in pigs and are also involved in cell proliferation; the production of 

cytokines like IFNα and IL-2; and the stimulation of antibody production in B cells (Saalmueller 

A., 1998; Ober et al., 1998). In contrast, CD4+CD8+ expressing cells are rare in healthy humans. 

They can be found in humans that have arthritis or some types of cancers (Saalmueller A., 1998). 

Porcine CD4+CD8- T cells 

CD4+CD8- cells are called T-helper cells (Saalmueller A., 1998). They recognize 

antigens in an MHC class II-restricted manner and proliferate in response to these antigens. 

These cells regulate the immune response by interacting with cytotoxic CD8+ T cells and 

regulating B cell activation (Gerner et al., 2009).  

Porcine gamma delta (γδ) T cells  

Swine gamma delta (γδ) T cells predominate in the intestinal epithelium of pigs and are a 

major T-cell subpopulation in the PBMCs in young pigs, which decreases with age 

(Charerntantanakul and Roth, 2006). They are characterized as CD2+CD4-CD8ααlo (Gerner et 

al., 2009). They respond to non-peptide antigens and elicit antigen-specific proliferation and 

IFN-γ responses (Lee et al., 2004).  

Low frequency T cells  

A fourth T-cell population are CD4-CD8- cells. These cells have no known role in the 

porcine immune system: they do not respond to stimulation with mitogens such as concanavalin 

(con)-A, and they do not elicit an immune reaction in response to antigens in pigs (Gerner et al., 

2009).  Regulatory T cells (Treg) function in down-regulating pro-inflammatory immune 

responses (Käser et al., 2008). Treg cells are CD4+CD25+, express FoxP3, and produce IL-10 and 

TGFβ. Tregs can  have either low or high expression of CD25; however only CD25 (high) cells 

are capable of inhibiting activated T cell proliferation (Gerner et al., 2009). 
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Table 1: CD8α expressing cells 

Cell Phenotype Description Percentage in 

porcine PBMCs (%) 

T helper cells CD3+CD4+CD8αα+  MHC class II-

restricted antigen-

specific memory T 

helper cells. Secrete 

cytokines and 

stimulate antibody 

production in B cells 

19–60% of T cells, 

age-dependent 

increase 

γδ T cells CD2+CD4-CD8ααlo Cytokine production 

and cell proliferation 

N/A 

Cytotoxic T cells CD3+CD4-

CD8α+CD8β+ 

 

MHC class I-

restricted cytotoxic T 

cells. Secrete 

cytokines that kill 

target cells 

8–21%, up to 40% of 

T cells 

Natural killer cell Perforin+CD2+CD3− 

CD4−CD5−CD6−CD8α+ 

CD8β−CD11β+CD16+ 

Cytotoxic 

lymphocytes which 

are part of the innate 

immune system 

2–10%, age-

dependent decrease 

(Gerner et al., 2009) 

 

 

Natural Killer cells 

Natural Killer (NK) cells are cytotoxic lymphocytes that are part of the innate immune 

system. NK cells in pigs are identified by their CD16 marker and non-adherent character 

(Sanchez et al., 1999; Wierda et al., 1993; Piriou-Guzylack et al., 2008). NK cells have the 

phenotype Perforin+CD2+CD3−CD4− CD5−CD6−CD8α+CD8β− CD11β+CD16+. In pigs, the 

percentage of PBMCs that are NK cells ranges from 2-10% and decrease with age (Gerner et al., 

2009).They are unique in their ability to recognize stressed cells in the absence of antibodies and 

MHC molecules. NK cells provide rapid responses to virus-infected cells (Chaplin D., 2010) and      
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readily produce cytokines such as IFN-gamma in response to stimulation with IL-12, IL-15 and 

IL-18 (Vivier et al., 2008). NK cells can kill immature DCs, over-stimulated macrophages, and 

infected cells by activating apoptosis (Piccioli et al., 2002; Zhang et al., 2007). 

The flow cytometry staining of the CD8 marker has an intensity that is half of that seen 

on CD8+ T cells (Trinchieri et al., 1989; Morice., 2007). The function of the CD8 molecule on 

these NK cells has not been determined: however, it is known that the molecule is not involved 

in the recognition of target cells or in the control of NK-cell function (Gerner et al., 2009).  

There is also a population of NKT cells that have the phenotype 

Perforin+CD3+CD6−CD11β+CD16+ and represent 0.5–3% of the PBMCs. There is also a small 

population of the iNKT (CD3+CD16+) cells expressing CD8αα or CD8αβ, with the CD8αβ 

population greater than the CD8αα one (Gerner et al., 2009). 

Aim 

 The aim of this study is to determine which subsets of porcine PBMCs are permissive to 

NiV and HeV, and to determine why only these cell populations are permissive.  
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1.12.1 Rationale 

Porcine lymphocytes in viral clearance. Previous studies showed that NiV replicated in 

monocytes, CD6+CD8+ T lymphocytes, and NK cells in vitro (Stachowiak & Weingartl, 2012). 

The hallmark of the porcine immune system is the presence of CD4+CD8+ cells, which can 

account for up to 60% of the T cell population. These are memory T helper cells. They secrete 

cytokines such as IFN-γ and stimulate antibody production in B cells. A modulation of this T cell 

population will delay the development of neutralizing antibodies and secondary bacterial 

infections could occure; this is seen, for example, in experimentally infected swine  where there 

was a delayed neutralizing antibody development at 7-10 dpi (Berhane et al., 2008). 

HeV infection of swine has been only experimental and the virus does not seem to affect 

the immune response in pigs the same way as NiV: neutralizing antibodies were in contrast 

detected already at 5 dpi in HeV infected pigs (Li et al., 2010). HeV permissibility studies on 

swine peripheral blood lymphocytes have never been done, however human peripheral blood 

lymphocytes and macrophages are not permissive (or susceptible) to HeV (Bossart et al., 2001). 

 

 

1.12.2 Hypothesis 

1. HeV does infect porcine lymphocytes. 

2. NiV can infect leukocytes/subpopulations expressing the CD8 marker. 

3. Porcine CD8 can serve as an alternative receptor for NiV or as a co-receptor/attachment 

factor/receptor. 
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1.12.3 Objectives for Hypothesis 1 

1. To determine the permissibility of porcine PBMCs to HeV in vitro.  

 

1.12.4 Objectives for Hypothesis 2 

1. To confirm that leukocyte populations carrying the CD8+ marker are permissive to NiV in 

vitro. 

2. To determine ephrin B2 expression profiles on permissive and non-permissive porcine 

PBMCs and cell lines by immunoblot and flow cytometry.  

3. To determine the permissiveness of porcine CD8αα and CD8αβ cells to NiV in vitro. 

 

1.12.5 Objectives for Hypothesis 3 

1. To perform antibody blocking assays using non-conjugated anti porcine ephrin B2 and CD8α 

antibody to block NiV replication in IPAM 3D4/31 and select CD8+ primary porcine cells. 

2. To perform protein competition assays between NiV and HeV attachment protein (soluble G 

protein) and NiV for the receptor. The competition will be between HeV G and NiV and between 

NiV G and NiV on IPAM 3D4/31 and porcine CD8+ PBMCs. 

3. To evaluate if the permissive but non susceptible cell line CHO-K1 can become susceptible 

with the transfection of CD8α with ephrin B2 serving as a positive control.  
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Materials and Methods 

2.1 Cell cultivation and passaging of continuous cell lines 

The cell lines (listed in Table 2) were passaged once reaching a confluency of 100%. The 

selection of maintenance medium used was cell specific. Table 2 outlines the media and addition 

of supplements used for each cell line. Dulbecco`s Modified Eagle Medium (DMEM; 

MULTICELL, Cat No.319-005-CL) or Roswell Park Memorial Institute medium 1640 medium 

(RPMI 1640; MULTICELL, Cat No. 350-007-CL) supplemented with 10% fetal bovine serum 

(FBS) (MULTICELL, Cat No.080-150) was used. RPMI-1640 was developed for culture of 

peripheral blood lymphocytes and immune cells and thus used for lymphocytes in the study. 

DMEM is optimal for culture of various adherent cell lines due to high amino acid, vitamin, and 

glucose concentrations and thus used in our study. 

First, the media was removed from the cell culture flask and the cell layer was washed 

once with 1x PBS (Dulbecco’s phosphate buffered saline 1X) (Multicell, Cat No. 311-425-CL). 

This was followed by the addition of 0.25% trypsin-EDTA (Gibco, Cat No. 25200) and 

incubated at 37°C, 5% CO2. Different cell lines needed different trypsinization incubation times 

to detach. Trypsinization times are listed in Table 2. The detached cells were collected in 

appropriate media containing 10% FBS (listed in Table 2) and were counted using an automated 

cell counter (Nexcelom Cellometer Auto T4). The resuspended cells were then seeded on new 

T75 culture flask (Corning, Cat No. 3276). The number of cells seeded was dependent on the cell 

line and type of experiment.  
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Table 2: Cell lines used, culture methods, and characteristics.  

Cell Line Origin Cultivation Medium Trypsin time 

VERO 76 

(ATCC® 

CRL1587™) 

Cercopithecus 

aethiops 

Kidney 

epithelioid 

DMEM with 10% FBS 4-8 minutes 

PK15(ATCC® 

CCL-33™) 

Sus scrofa 

Kidney 

epithelioid 

DMEM with 10% FBS 8-13 

minutes 

IPAM 3D4/31 

(Weingartl et 

al., 2002)* 

Sus scrofa 

Immortalized 

alveolar 

macrophage - 

monomyeloid 

RPMI 1640 with 10% 

FBS and Penicillin-

Streptomycin 

8-15 

minutes 

ST (ATCC® 

CRL-1746™) 

Sus scrofa 

Testis fibroblast 

DMEM with 10% FBS 5-8 minutes 

CHO-K1 

(ATCC® CCL-

61™) 

Cricetulus 

griseus 

Ovary epithelioid 

DMEM with 10% FBS 

with 1X non-Essential 

Amino Acids (Gibco, 

Cat No.11140050) 

5-8 minutes 

 

Note: * available also from ATCC (ATCC® CRL-2844™) 
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2.2 Recovery of the Cells 

The frozen cells were recovered by placing the cryogenic vials in a 37°C water bath. 

Once thawed, the cells were transferred immediately to a 15 ml conical centrifuge tube (Corning, 

Cat No.430052), which contained approximately 10 ml of appropriate media. The cells were 

centrifuged at 300g for 5 min. The supernatant (media, FBS and DMSO) was removed and the 

cell pellet was resuspended in 5 ml of media. To assess cell viability and determine cell count, 20 

µl of the cells were stained with 20 µl Trypan Blue exclusion stain and were counted in an 

automated cell counter (Nexcelom Cellometer Auto T4). The dead cells are blue in color and live 

cells have no blue color. The cells were transferred to a T25 corning culture flask (Corning, Cat 

No. CLS430639). The media was changed after 24 hrs. Once the cells were 100% confluent, the 

cells were transferred to T75 flasks.  

 

2.3 Virus Stock 

NiV-Malaysia and HeV were obtained from Dr. T. Ksiazek and Dr. P. Rollin from the 

Centre for Disease Control and Prevention in Atlanta Georgia, USA. Viral stocks for both 

viruses were grown on Vero 76 cells infected with a multiplicity of infection (MOI) of 0.1. MOI 

was determined by using one confluent T75 flask and trypsinizing the Vero 76 cells and counting 

on an automated cell counter with Trypan Blue exclusion stain. For infection, virus was added to 

5ml of FBS free DMEM, with no supplements and added to the T75 flask (Corning, Cat No. 

3276) containing 100% confluent cells. After 1hr of incubation, at 37oC, 5% CO2, 5 ml of 

DMEM containing 4% FBS to make a 2% final concentration was added to the flask.  



50 
 

Cells were incubated with NiV for 3 days or incubated with HeV for 4 days at 37oC, 5%, 

CO2. Supernatant was clarified by centrifugation at 3000 g for 20 min and was aliquoted and 

frozen at -140oC before titration of the virus by plaque assay to determine the titre of the stocks. 

Control Vero 76 cells were treated as described above but no virus was added to the flasks. 

 

2.4 Plaque Assays 

NiV and HeV titres were determined by plaque assays on Vero 76 cells. Vero 76 cells 

were grown to 100% confluency in 24 well plates (Corning, Cat No. 3524). The cells were 

washed with serum free DMEM (MULTICELL, Cat No.319-005-CL), and 200 µl aliquots of 

virus serial dilutions from 10-1 to 10-5 in DMEM containing no serum or additional supplements 

were added in quadruplicates to the wells. Cell controls with media only were used on each plate. 

Inoculum was removed after 1hr incubation at 37oC, 5%, CO2 and 1 ml of 1.75% carboxy-

methylcellulose (CMC) (Sigma-Aldrich, Cat No. C-4888) overlay was added to the cells and 

then incubated at 37oC, 5% CO2 for 3 days for NiV and 4 days for HeV. The overlay (Figure 5) 

contains CMC, 10x DMEM (Sigma-Aldrich, Cat No. D2429-100ml), BSA Fraction V (Sigma-

Aldrich, Cat No.A8412-100ml ), NaHCO3 (MULTICELL, Cat No.609-105-EL), 1M HEPES 

(MULTICELL, Cat No.330-050-EL ), Folic Acid (MULTICELL, Cat No.609-315-QL ), L-

glutamine (GlutaMAX) (Gibco, Cat No.35350-061), sodium pyruvate (Sigma-Aldrich, Cat 

No.S8636), and Antibiotic-Antimycotic (Penicillin/ Streptomycin/Amphotericin B) (Gibco, Cat 

No.15240-062 ). Cells were fixed by addition of 10% Phosphate buffered formalin (Fisher 

Scientific, Cat No. SF100-4). Formalin was added directly to cells with CMC still on. Cells were 

fixed with formalin for 24 h at room temperature, CMC/formalin was removed, and fixed cells 
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were gently washed with water. Cells were stained with crystal violet (0.1% crystal violet in 

Milli-Q water) by incubating for 30 min and washed again with water. The titre of the virus was 

determined as plaque forming units per ml (PFU/ml). Plaque forming units per milliliter were 

calculated by taking the average number of plaques per dilution and dividing it by the dilution 

factor multiplied by volume added. 

 

 

 

 

Figure 5: Preparation of 100ml of 1.75% CMC overlay.  
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2.5 RNA isolation 

RNA isolation was performed from the supernatants of cells pelleted in a 1.5 ml Safe-

Lock Eppendorf tube (Eppendorf, Cat No.022600028) by centrifugation at 300 g for 10 min. The 

supernatant was collected and stored at -70oC until all the samples could be processed at the 

same time. To remove the supernatants out of Biosafety Level 4 (BSL4), 100 µl of sample 

(collected supernatant) was added to 900 μl of TriPure Isolation Reagent (Roche Diagnostics 

Corporation), and the supernatant in TriPure was vortexed for 20 sec. As an RNA extraction and 

an internal exogenous control, 2 µl of Armored RNA (Enterovirus) (Asuragen, Cat No. 42050) 

was added to the TriPure before aliquoting into tubes. Next, 200 μl of chloroform was added to 

each sample. The samples were vortexed for 20 sec followed by an incubation period at room 

temperature for 15 min. In order to separate the solution into three phases, the samples were 

centrifuged at 7500 g for 10 min at 4oC. The resulting mixture separated into three phases: 1) an 

upper aqueous phase containing RNA, 2) white interphase and 3) an organic phenol phase. The 

white interphase and organic phenol phase contain DNA, proteins, and lipids. After 

centrifugation, the colourless upper aqueous phase was collected into a new 1.5 ml Eppendorf 

tube containing, 3 µl of Glycol Blue (Thermo Fisher, Cat No. AM9516) for better visualization 

of the RNA pellet. Then, 750 μl of isopropanol was added to the aqueous phase. The tube was 

inverted by hand several times and incubated for 30 min at room temperature to precipitate the 

RNA. After the incubation, the tubes were centrifuged at 7500 g for 10 min at 4oC and the 

supernatants were discarded. The RNA pellet was washed with, 500 μl of 70% ethanol followed 

by centrifugation at 7500 g for 5 min at 4 oC. The supernatant was discarded and the RNA pellet 

was air dried for 30 min. The RNA pellet was resuspended in RNase free water (Ambicon) and 



53 
 

frozen at -70oC or used for reverse transcription polymerase chain reaction (RT-PCR) 

immediately. The entire RNA extraction protocol was performed in a Biosafety Class II Cabinet.  

 

2.6 NiV and HeV Reverse Transcription (RT) PCR 

Two sets of primers and probes were used in a multiplex RT-PCR assay using a 

Quantitate One-Step PCR kit (QIAGEN, Cat No. 204443): 

First set of primers was targeting the NiV nucleoprotein (N) gene. The NiV nucleotide 

sequence for the forward primer was 5’-GCA AGA GAG TAA TGT TCA GGC TAG AG-3’ 

and reverse primer 5’-CTG TTC TAT AGG TTC TTC CCC TTC AT-3’. The probe was labelled 

at the 5’end with FAM (Excitation-495; Emission-520) and has the sequence of 5’-FAM -TGC 

AGG AGG TGT GCT CAT TGG AGG-TAMRA- 3’. The TAMRA is a 3’ fluorescent quencher.  

Second set of primers targeted the Hendra virus M (Matrix) protein gene. The forward 

primer for HeV has the sequence 5’-CTT CGA CAA AGA CGG AAC CAA-3’ and reverse 

primer 5’-CCA GCT CGT CGG ACA AAA TT-3’. The probe for HeV was labelled with FAM 

and had the sequence 5’-FAM-TGG CAT CTT TCA TGC TCC ATC TCG G-TAMRA- 3’.  

Armored (Enterovirus) was used for the RNA extraction control, . The forward primer 

was 5’-CCT GTC GTA ACGCGC AAG T-3’ and reverse primer was 5’-CAG CCA CAA TAA 

AAT AAA AGG AAA CA-3’ located within the 5’-untranslated region (UTR). The probe was 

labelled with TET (Excitation-521; Emission-536) labelled probe 5’-TET-CGT GGC GGA ACC 

GAC TAC TTT GG-NFQ- 3’. NFQ is 3’ fluorescent quencher. 
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The reactions were run and the curves analyzed using the Rotor Gene Q thermocycler 

(Corbett Research, Cat. No 9001580). NiV RNA was quantitated based on the use of a known 

DNA quantity of a full-length NiV N plasmid. HeV RNA was quantitated based on the use of a 

known DNA quantity HeV M gene containing the primers and probe sequence cloned into a 

plasmid, and in both types of the reaction standard curve was used to estimate the copy number. 

Quantities were expressed either in copies/ml or converted to the log 10 copy value/ml. The 

thermo cycling conditions for both NiV and HeV were as follows: 30 min at 50oC, 15 min at 

95oC, followed by 40 cycles of 95oC for 15 seconds, and 60oC for 1 min. 

 

2.7 Peripheral blood mononuclear cells (PBMC) harvesting from porcine blood 

Porcine blood was obtained by Dr. Richard Hodges from the University of Manitoba 

Glenlea Research Station where a pig farm is situated or from pigs kept at the NCFAD. The 

blood was drawn into 8 ml BD Vacutainer cell preparation tubes (CPT) (Becton Dickinson, Cat 

No. 362761) which uses sodium citrate as an anticoagulant and Ficoll™ Hypaque™ as the 

density gradient solution.  The tubes were inverted 8 times immediately after blood collection 

and kept upright at room temperature (18-25 oC). Blood was processed within 2 hrs of collection. 

The blood was separated by centrifugation at 1500g for 20 min. After the centrifugation, the 

plasma was removed and the white PBMC layer was collected into a 15 ml conical centrifuge 

tube (Corning, Cat No.430052). The PBMCs in the 15 ml conical centrifuge tube were washed 

twice with PBS and centrifuged at 500 g for 10 min. The cells were resuspended in 1 ml RPMI 

and a small volume was taken, diluted, and due to the heterogeneous size of the PBMC 
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population, cells were counted using a hemocytometer. After counting, PBMCs were then plated 

in a T75 flask (Corning, Cat No. 3524) for a period of 2 days.  

2.8 Cell Sorting from PBMC 

Monocytes in the PBMC preparation were allowed to adhere onto flasks by overnight 

incubation at 37°C in a 5% CO2 incubator and used for ephrin B2 flow cytometry. Sorting the 

non-adherent PBMCs was performed by magnetic separation and performed entirely in a 

Biosafety Class II Cabinet, employing the EasySep Magnet (STEMCELL, Cat No.18000).  

EasySep™ PE Positive Selection Kit (STEMCELL, Cat No. 18557) and EasySep™ FITC 

Positive Selection Kit (STEMCELL, Cat No. 18558) were used to separate the cells based on PE 

(R-phycoerythrin) or FITC (fluorescein isothiocyanate) label on the respective antibodies. The 

antibodies (Table 3) used were, PE conjugated Mouse Anti-porcine CD8α, FITC conjugated 

Mouse Anti-porcine CD4, PE conjugated Mouse Anti-porcine CD21, and FITC conjugated 

Mouse Anti-porcine CD16. For overview of the cell separation, please, see Figure 6. 

Single Step Positive Selection: 

The cells were washed twice with sorting media (PBS with 2%FBS and 1 mM EDTA). 

The cells were resuspended in 1 ml of sorting media and a FITC or PE conjugated antibody was 

added at an optimized concentration (Table 3 for optimized antibody concentrations) and left to 

incubate for 1 hr at room temperature. (Optimization was performed by titrating out the antibody 

at different concentrations and comparing cell harvest yields.) Next, 100 µl/ml of FITC or PE 

collection cocktail was added and incubated at room temperature for 15 min, followed by 

addition of 50 µl/ml of magnetic nanoparticles provided in the PE or the FITC selection kit, and 

incubation for 10 min at room temperature. The solution was then transferred into a 5 ml 12 x 75 

mm separation tube and the cell suspension was brought to a volume of 2.5 ml with sorting 
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media and mixed well. The tube was placed into an EasySep Magnet and let sit for 10 min with 

lid off. Once the 10 min were over, the tube contents were poured off into a 15 ml conical 

centrifuge tube labeled “Negative” while still keeping the separation tube inside the magnet. The 

cells removed with the sorting media were negatively selected cells. The cells bound to the tube 

were the cells positively selected for the desired marker, e.g. CD8+. The separation tube was 

taken out of the magnet and the positively selected cells bound to the tube were resuspended 

once more with 2.5 ml of sorting media using the same tube and the 10 min incubation step in 

the magnet was repeated once more. The negatively selected cells and sorting media was poured 

off again into the 15 ml conical centrifuge tube labeled “Negative”. The positively selected cells 

were washed with 3 ml of complete media with the tube removed out of the magnet and the 

contents were placed in a 15 ml conical centrifuge tube labelled “Positive”. Both positively and 

negatively selected cells were then pelleted, washed, resuspended and counted using a 

haemocytometer.  

Two Step positive selection: 

Selection of double positive cells (CD8+CD16+ or CD4+CD8+) was performed by 

employing two selection kits: EasySep™ Release Human PE Positive Selection Kit 

(STEMCELL, Cat No.17654) with EasySep™ Releasable RapidSpheres™ magnetic beads, 

followed by the EasySep™FITC Positive Selection Kit (STEMCELL, Cat No. 18558). 

 The EasySep™ Release Human PE Positive Selection Kit allowed for the removal of the 

magnetic beads from the isolated cells, while the PE-antibody complex remained on the labelled 

cells. Cells were then labelled with FITC conjugated antibodies and selected for with the FITC 

selection kit as described above in the one step positive selection section. 
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Table 3: Antibodies and dilutions used for flow cytometry, immunoblotting, and 

immunofluorescence. 

Antibody Company Cat# Immuno 

blot 

Dilution 

Flow 

Cytometry 

Dilution 

Immuno- 

fluorescence 

Dilution 

Mouse Anti- porcine 

CD8α 

Southern 

Biotech 

4520-01 N/A 1/250 N/A 

PE conjugated Mouse 

Anti- porcine CD8α 

Southern 

Biotech 

4520-09 N/A 1/250 1/300 

FITC conjugated Mouse 

Anti- porcine CD4  

Southern 

Biotech 

4515-02 N/A 1/250 N/A 

FITC conjugated Mouse 

Anti- porcine CD16 

Bio-Rad MCA1971F N/A 1/250 N/A 

PE conjugated Mouse 

Anti- porcine CD21  

Southern 

Biotech 

4530-09 N/A 1/200 N/A 

FITC conjugated Mouse 

Anti- porcine CD8β 

Mybiosource MBS224819 N/A 1/50 N/A 

Goat Anti-multispecies 

Ephrin B2  

Novus 

Biologicals 

NBP1-49857 1/500 N/A N/A 

Rabbit Anti-multispecies 

Ephrin B2  

Novus 

Biologicals 

NBP1-84830 N/A 1/250 1/250 

Goat Anti-mouse Alexa-

fluor 488  

Thermofisher R37120 N/A 1/250 1/250 

Goat Anti-rabbit Alexa-

fluor 488 

Thermofisher R37116 N/A 1/250 1/250 

Goat Anti-mouse IgG1 

PerCP 

Santa Cruz sc-45092 N/A 1/50 N/A 

Mouse monoclonal Anti-

NiV N F45G2 

Berhane et al., 

2006 -NCFAD 

N/A N/A 1/50 N/A 

Mouse monoclonal Anti-

NiV N F45G4 

Berhane et al., 

2006 - NCFAD 

N/A N/A N/A 1/1000 

Anti-protein G-HRP Thermofisher 101223 1/10000 N/A N/A 

HRP conjugated Anti-

beta Tubulin  

Abcam ab21058 1/5000 N/A N/A 
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Figure 6: Flow chart of sorting of PBMC. Sorting of cell subpopulations from peripheral blood 

mononuclear cells (PBMC) by magnetic beads coated with antibodies against selected markers 

and respective obtained purities. CD8*PE=CD8α antibody conjugated with PE fluorochrome. 

CD21*PE=CD21 antibody conjugated with PE fluorochrome. CD16*FITC=CD16 antibody 

conjugated with FITC fluorochrome. CD4*FITC=CD4 antibody conjugated with FITC 

fluorochrome. CD8β*FITC=CD8β antibody conjugated with FITC fluorochrome. 
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2.9 Preparation of CD8β cells from the Porcine Thymus 

 Thymus was collected from pigs kept at the NCFAD, and 0.5 g was placed on a Petri dish 

(Falcon, Cat No. 351058). The cell extraction was performed in a Biosafety Class II Cabinet. 

RPMI 1640 medium containing 10% fetal bovine serum and pen/strep was placed in a 12 well 

plate (Corning, Cat No. 3524). The thymus was placed into a 100 μm cell strainer (Corning, Cat 

No. 08-771-19) and the cell strainer was placed on top of a well in the 12 well plate. Using the 

plunger end of a sterile syringe, the thymus was mashed through the cell strainer into the 12 well 

plate. The strainer was rinsed with RPMI 1640 medium and from the 12 well plate, cells were 

transferred into a 15 ml conical tube (Falcon, Cat No.05-527-90). The cells were spun at 800x g 

for 3 min and supernatant was discarded. The pellet was resuspended in 1 ml ACK lysis buffer 

(Thermo Fisher, Cat No.A1049201) for red blood cell lysis and incubated at room temperature 

for 10 min (this will not lyse PBMCs). Next, 10 ml of RPMI 1640 medium with 10% fetal 

bovine serum and pen/strep was added again to the tube and spun at 800 g. Supernatant was 

discarded and pellet was resuspended in RPMI 1640 medium with 10% fetal bovine serum and 

pen/strep, counted, and CD8β cells were selected out by magnetic separation using FITC 

selection kit (STEMCELL, Cat No. 18558) and Mouse Anti-porcine CD8β-FITC (MyBioSource, 

Cat No.MBS224781) and analyzed by flow cytometry.  

 

2.10 Cell inoculation with virus 

After sorting the leukocytes, cells were kept in RPMI supplemented with 10% FBS at 

37°C, 5% CO2 for 24 hrs or 48 hrs prior to infection to allow time for the selection antibody to 

internalize or fall off. The day of infection, cells were washed with PBS and counted with a 
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haemocytometer. The sorted leukocytes were inoculated at 0.1 MOI with NiV or HeV at a cell 

count of 1x106 cells per well in a 48 well plate. The MOI was based on infectivity for Vero 76 

cells. The cells were inoculated with virus for 1hr at 37°C, 5% CO2 in FBS free RPMI. The cells 

were subsequently washed 5 times with PBS by centrifugation at 500 g for 5 min. The eluent 

from the last wash was kept, and RT-PCR and plaque assays were performed to determine virus 

amount left in the supernatant. The cells were resuspended in 500 µl of RPMI supplemented with 

2.5% FBS. The cells were incubated for 1 hr, 24 hr, or 48 hrs following inoculation at 37°C, 5% 

CO2. Cell populations with low harvest yield had only one well per time point.  

Adherent immortalised porcine alveolar macrophages IPAM 3D4/31 were infected by 

first seeding the cells on a 48 well plate overnight at 106 cells/well (doubling time of 25.5h) in 

RPMI supplemented with 10% FBS. The next morning, a well was trypsinized with 0.25% 

trypsin/EDTA (Wisent) for 15 min at 37°C, 5% CO2 to obtain a cell count. The IPAM 3D4/31 

cells were inoculated with either NiV or HeV for 1hr at 37°C, 5% CO2 in FBS free RPMI at a 

MOI of 0.1, with mock inoculated cells as a control. The cells were washed 5 times to remove 

virus on the plate and the eluent from the last wash was kept, and RT-PCR and plaque assays 

were performed to confirm no virus was left in the supernatant. Wells were filled with 500 µl of 

RPMI supplemented with 2% FBS.  

The cell supernatants were collected at 1 hr, 24 hr, and 48 hrs post inoculation. Cells 

were removed by centrifugation and the infectivity in supernatants was determined by plaque 

assay. The amount of viral RNA was determined by RT-PCR. The cells were collected to detect 

the N protein in cells by flow cytometry. 
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2.11 Preparation of flow cytometry compensation beads 

 AbC™ Anti-Mouse Bead Kit (Thermofisher, Cat No. A10344) was used for 

compensation on the FC500 flow cytometer (Beckman-coulter, Cat No. A89264). The kit 

contains two components. Component A is the AbC™ capture beads and Component B is the 

negative beads. Component A was completely resuspended by gently vortexing for 30 seconds 

before use. One drop (40 µl) was added to 1.5 ml Safe-Lock Eppendorf tubes. PE conjugated 

Mouse Anti-porcine CD8α, FITC conjugated Mouse Anti-porcine CD4, PE conjugated Mouse 

Anti-porcine CD21, or FITC conjugated Mouse Anti-porcine CD16 antibody was added to the 

AbC™ capture bead suspension at an optimized concentration (Table 3) in the designated tube 

and mixed well and left to incubate for 15 min at room temperature in the dark. The beads were 

transferred to a 15 ml conical tube (Corning) and washed with 5 ml of MACS buffer (Miltenyi 

Biotec, Cat No 130-091-221) and centrifuged for 5 min at 500 g. The supernatant was removed 

and the bead pellet was resuspended by adding 0.5 ml of MACS buffer to sample tubes. One 

drop (40 µl) of Component B (negative beads) was added to the tubes and mixed well. The cells 

were fixed overnight with Phosphate buffered formalin (Fisher Scientific, Cat No. SF100-4) 

before the analysis by flow cytometry to approximate cell staining protocol required for NiV 

infected cells. The protocol was repeated with different antibody concentrations to determine the 

optimal antibody concentration. 
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2.12 Intracellular Staining for the N antigen 

The virus inoculated cells were intracellularly stained at 24 or 48 hpi, respectively, to 

detect the N protein of HeV or NiV. The antibody F45G2 (Table 3) used for staining are cross 

reactive and could be used to detect both HeV and NiV protein.  

The cells that were in BSL4 were first fixed in 4% formaldehyde for 24 hrs in order to 

inactivate any virus, and the internal staining was performed in BSL3. The cells were pelleted 

and the formaldehyde was removed. The cells were resuspended in 250 µl of BD 

Cytofix/Cytoperm (BD Pharmingen) for 20 min at 4 °C. Next, the cells were washed twice with 

BD Perm/Wash and resuspended in 50 µl BD Perm/Wash. An anti-N antibody F45G2 at 1∶50 

dilution (1 µl) against NiV and HeV nucleoprotein (N protein) was added and incubated at 4 °C 

for 1 h. The cells were again washed twice with BD Perm/Wash. A goat anti-mouse IgG1-PerCP 

secondary antibody (Santa Cruz, Cat No sc-45092) was added at 1 : 50 dilution, followed by 

incubation in the dark at 4 °C for 30 min. The cells were washed twice with BD Perm/Wash and 

resuspended in 500 μl of MACS buffer for flow cytometry analysis.  

 

2.13 Flow Cytometry Protocol  

Cells ready for flow cytometry analyses were resuspended in MACS buffer containing 

0.09% azide for preventing the internalization of the antibody-antigen complexes (Miltenyi 

Biotec, Cat No 130-091-221). All samples were analyzed on a FC 500 Series Flow Cytometer 

(Beckman Coulter) using the blue 488 nm laser. The channels used were FL1 (525 nm/40) for 

FITC, FL2 (575 nm/40) for PE, and FL4 (675 nm/40) for PerCP. Cell populations of interest 
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were gated to exclude debris and doublets. The minimum number of events was 10,000 and run 

on a low flow rate. The data was analyzed using Kaluza software (Beckman Coulter).  

 

2.14 Whole Cell Lysate Preparation 

 Cellular lysates from cell lines or sorted leukocytes were prepared by first washing the 

cells with PBS. Cells grown in T75 flasks to 100% confluency were scraped off, transferred to a 

15 ml centrifuge tube and pelleted by centrifugation at 500 g for 5 min . Sorted leucocytes were 

transferred to a 1.5 ml Eppendorf tube, pelleted at 500 g for 5 min, and the supernatant was 

removed.  The pellets were lysed by adding 1 ml of 1% SDS lysis buffer (Sigma, Cat No 71736-

100ml) containing 1x HALT protease and phosphatase inhibitor (Thermo Scientific, Cat No 

1861281) was added to pellets from all tested cell types. The SDS buffer and the lysed cells were 

vortexed and pipetted and transferred to a 1.5 ml Eppendorf tube. Subsequently, the tube was 

centrifuged at 1300 g for 5 min at 4 °C to pellet the cell debris. Next, the tube was heated on a 

heating block for 10 min at 95 °C. Samples were then cooled on ice and centrifuged at 1300 g for 

5 min at room temperature before quantifying protein concentration on an Isogen Life Science 

Bio Drop TOUCH following manufacturer’s instructions.  

 

2.15 Protein separation by SDS-PAGE 

 Samples were prepared by diluting the sample 1 : 3 in 4x NuPAGE® LDS (lithium 

dodecyl sulfate) Sample Buffer (Invitrogen, Cat No NP0007) and (10X) NuPAGE® Sample 

Reducing Agent (Invitrogen, Cat No NP0004) and heated in a heating block at 70 °C for 10 min. 
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25 μg of protein was loaded onto the gel (different volumes of samples were loaded depending 

on the lysate concentration) and were separated by electrophoresis on a NuPAGE 10% 1.0 mm x 

10 wells Bis-Tris gel (Invitrogen, Cat No NP0301BOX) in MOPS SDS running buffer 

(Invitrogen, Cat No NP0001) at 150V for 1hr. To maintain the proteins in a reduced state during 

protein gel electrophoresis, 500 µl of NuPAGE® Antioxidant (Invitrogen, Cat No NP0005) was 

added to the MOPS SDS running buffer in the upper chamber. SeeBlue® Plus2 Pre-Stained was 

used as the protein standard (Invitrogen, Cat No LC5925).  

 

2.16 Immunoblot to detect ephrin 

Proteins were transferred onto 0.2 µm pore nitrocellulose membrane (iBlot Gel 

Nitrocellulose Transfer Stack) using the iBlot Gel Transfer Device (Invitrogen). All transfers 

were done at 20 V for 7 min.  

The nitrocellulose membrane was then blocked for 1hr at room temperature with 5% 

alkali-soluble casein (EMD Millipore, Cat No 70955-150ML), and then incubated with primary 

antibodies diluted 1 : 500 in 5% alkali-soluble casein overnight at 4 °C. The primary antibodies 

(Table 3) used were anti-ephrin B2 antibody (Novus Biologicals, Cat No NBP1-49857) and anti-

ephrin B3 antibody (Abcam, Cat No ab101699). Both antibodies were diluted 1/500 in 5% 

alkali-soluble casein, and incubated overnight with the membranes at 4 °C on a plate rocker. The 

membranes were washed three times with TBST buffer and then incubated for 1 hr at room 

temperature with Anti-Protein G-HRP (Thermo Fisher, Cat No 101223) secondary antibody 

diluted 1/10000 in 5% alkali-soluble casein. The membrane was again washed three times with 

TBST buffer, resolved using enhanced chemiluminescence (ECL) (GE Amersham Biosciences, 

Cat No RPN2232) and visualized by Azure c600 imaging system.  
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The ECL method allows for re-probing the membrane for secondary protein by stripping 

the membrane with Re-Blot plus mild solution (EMD Millipore, Cat No 2502) as per 

manufacturer’s instructions. The stripped membranes were incubated for 1 hr at room 

temperature with anti-beta tubulin antibody conjugated with horseradish peroxidase (HRP) 

(Abcam, Cat No ab21058) diluted 1/5000 in 5% alkali-soluble casein, as a loading control. The 

membrane was washed three times with TBST buffer and resolved using ECL.  

 

2.17 Ephrin B2, CD8α, and CD16 Surface Expression in Cells 

Cell Preparation, adherent cells: 

Cells were grown in culture flasks until 100% confluent. Monocytes in the PBMC were 

allowed to adhere onto flasks by overnight incubation at 37 °C in a 5% CO2 incubator. Cells 

were washed once with 1x PBS and trypsinized. Cells were collected in DMEM or RPMI in a 

15ml conical tube and centrifuged at 300 g for 5 minutes to pellet the cells. Trypsin containing 

media was removed and fresh DMEM or RPMI medium was added. The cells were incubated for 

at least 30 min at room temperature in the 15 ml conical tube for the surface receptors to recycle 

to the surface. The cells were then centrifuged and resuspended in 500 µl of MACS buffer.  

Cell Preparation, non-adherent cells: 

Leukocytes were collected from a T75 plate following an overnight incubated at 37 °C at 

5% CO2  to remove adherent cells, and centrifuged at 500 g for 5 min. The cells were washed 

once with PBS and resuspended 500 µl of MACS buffer. 

Cell staining: 

The cells were then stained with anti-porcine CD8 α-PE and/or anti-porcine CD16-FITC 

or rabbit anti- ephrin B2 (Novus Biologicals, Cat NoNBP1-84830) at an optimized antibody 
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concentration (Table 3) for 1 hr at 4 °C. The cells were washed 3 times using MACS buffer. For 

ephrin B2 expression, a goat anti-rabbit Alexa Fluor 488 conjugate (Thermo Fisher, Cat No. 

R37120) antibody was used as a secondary antibody and was added at an optimized 

concentration (Table 3) and incubated for 1hr at 4 °C. The cells were washed 3 times with 

MACS buffer and resuspended in 500 µl of MACS buffer. If cells were stained or restrained 

inside BSL4, the cells were resuspended in 4% formaldehyde for 24 hrs in order to inactivate any 

virus. Cells were then internally stained or analyzed by flow cytometry for cell-surface 

expression of CD8 α, CD16, and/or ephrin-B2. 

 

2.18 Transfection of CHO-K1 Cells 

 

CHO-K1 cells were transfected with pCDNA3.1+ vector expressing porcine CD8α 

(GenBank accession no.NM_001001907.1) and/or porcine ephrin-B2 (GenBank accession No. 

NM_001114286.1).The plasmids were custom provided by Creative Biogene. Vector maps and 

nucleotide sequences used are outlined in Figure 7 and Table 4, respectively. One day before 

transfection, CHO-K1 cells were plated on 24 well plates (Corning, Cat No. 3524) at 2 x105 

cells/well (70% confluence) in 500 µl of DMEM medium supplemented with 10% fetal bovine 

serum (MULTICELL, Cat No.080-150) and 1x Non-Essential Amino Acids (NEAA) solution 

(Thermo Fisher, Cat No. 11140050). The day of transfection, the media was replaced with 500 µl 

fresh DMEM supplemented with 10% FBS and 1x Non-Essential Amino Acids Solution. 

Lipofectamine™ 3000 Transfection Reagent kit was used for the transfection (Thermo Fisher, 

Cat No. L3000008). Two solutions were prepared in two separate 1.5 ml Safe-Lock Eppendorf 

tubes (Eppendorf, Cat No.022600028). Solution A was prepared by adding 500 ng of plasmid 

and 2 µl of P3000 Enhancer Reagent (Thermo Fisher, Cat No. L3000008) to a final volume of 50 
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µl of Opti-MEM (Thermo Fisher, Cat No. 31985062). Solution B was prepared by adding 2 µl of 

Lipofectamine 3000 (Thermo Fisher, Cat No. L3000008) in 50 µl of Opti-MEM. Contents from 

Tube B were added into Tube A and mixed by pipetting briefly and gently. The solution was 

incubated for 10 min at room temperature. The mixture was added dropwise to the well and 

incubated at 37 °C, 5% CO2 for 24 hr. After 24 hr incubation, cells from one well were detached 

using Accutase (Thermo Fisher, Cat No. 00-4555-56) to preserve the surface receptors, and the 

efficiency of transfection was determined by flow cytometry by cell surface expression of CD8α 

and/or ephrin B2 on cells stained with mouse Anti-porcine CD8α-PE (Southern Biotech, Cat 

No.4520-09) and/or rabbit Anti- ephrin B2 (Novus Biologicals, Cat No NBP1-84830) with goat 

Anti rabbit Alexa Fluor 488 conjugate (Thermo Fisher, Cat No. R37120) as secondary 

antibodies.  

 

2.19 Immunofluorescent Staining of Cells 

One day prior to transfection, 2x105 cells were plated per well in 24 well plates with #1.5 

coverslips at 37 °C, 5% CO2  in DMEM (MatTek Corporation, Cat No. P24G- 1.5-13- F) to 

obtain 70% confluence. Once successful transfection was confirmed, cells were washed with 

PBS and inoculated with NiV at MOI of 0.5 based on a titer in Vero 76 cells. The cells were 

incubated with virus for 1hr at 37°C, 5% CO2 in DMEM supplemented with 1x NEAA. The cells 

were subsequently washed 5 times with PBS and 500 µl of DMEM supplemented with 2.5% 

FBS and 1x NEAA was added to the wells. The cells were incubated for 24 h at 37 °C, 5% CO2, 

and following the incubation, washed with PBS and fixed overnight with 10% buffered formalin 

phosphate (Fisher Scientific, Cat No. SF100-4). Prior to staining, the cells were washed three 

times with PBS for 10 min on shaker to remove formalin. Cells were incubated at room 
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Figure 7: Vector maps of pCDNA3.1 (+)-pCD8α plasmid (A) and pCDNA3.1 (+)-pEFNB2 

plasmid (B). HindIII and XhoI restriction enzymes were used in cloning.  

A) 

B) 
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Table 4: Nucleotide sequence of porcine CD8α and ephrin B2 used for cloning. 

Gene Nucleotide sequence 

Sus scrofa 

EFNB2 

Ephrin B2 

aagcttgccaccatggccgcgaggagggactccgtgtggaagtactgctggggagttttgatggttttatgcagaac

tgcgatttccagatcgatagttttagagcccatctattggaattcctcgaactctaaatttctacctggacaaggactggt

actatacccacagataggagacaaattggatattatttgccccaaagtggactctaaaactgttggccagtatgaatat

tataaagtttatatggtggataaagaccaagcagacagatgcactattaagaaggaaaatacccctctcctcaactgt

gccagaccagatcaagatgtaaaattcactatcaagttccaagaattcagccctaacctctggggtctagaatttcag

aagaacagagattattacattatatctacatcaaatgggtctttggagggcctggataaccaggagggaggggtgtg

ccagacaagagccatgaagatcctcatgaaagttggacaagatgcaagttctgctgggtcaaccaggcataatgag

ccaacaagacgtccagaactagaagctggtacaaatggaagaagttcaacaacaagcccctttgtcaaaccaaatc

caggttccagcacagacggcaacagcgccggacattctgggaacaatatcctcggttccgaagtggccttattcgc

agggattgcttcaggatgcatcatcttcatcgtcatcatcatcacgctggtggtcctgctgctcaagtaccggcggag

acaccgcaagcactcgccgcagcacacggccacgctgtcgatcagcacgctggccacgcccaagcgcggcgg

caacaacaacggctcggagcccagtgacattatcatcccgctgaggactgcagacagtgtcttctgcccccactac

gagaaggtcagcggggactacgggcacccggtgtacatagtccaggagatgcccccgcagagcccggcgaac

atttactacaaggtctgactcgag 

Sus scrofa 

CD8α 

aagcttgccaccatggcctcgctggtgaccgctctgctcctgccgctggtcctgcagctccatcccgccaaggtcct

cgggtccagcttgttccggacgtcgccggagatggtgcaggctagcctgggagagacggtgaagctccgctgcg

aggtgatgcactccaacacactgacaagctgttcctggctctaccagaagccgggggctgcctccaagcccatctt

cctcatgtacctctccaaaacccggaataagacagccgaggggctggacacccgttacatctctggttacaaggcc

aatgacaacttctacctcatcctgcaccgcttccgcgaggaggaccaaggctactatttctgctcgttcctgagcaac

tcggttttgtatttcagcaacttcatgtccgtcttcttgccagcaaagcccaccaagacgccgactacgccaccaccc

aagcggactcccaccaaagcgtcgcacgccgtgtctgtggccccagaggtgtgccggccttcgggcaacgcaga

cccgaggaagctggacctcgcctgtgatctgtacaactgggcgcccctggttgggacctccggcatccttctcctgt

cactggtcatcaccatcatctgccaccgccggaacagaagacgtgtttgcaaatgtcccaggcccgtggtcagaca

gggaggcaaggccagcccttcagagagattcatctaactcgag 

 

CHO-K1 cells were transfected with pCDNA3.1+ vector expressing porcine CD8α 

(GenBank accession no.NM_001001907.1) and/or porcine ephrin-B2 (GenBank accession no. 

NM_001114286.1). 
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temperature for 15 min with 0.25% Triton X-100 in PBS to permeabilize the cells followed by a 

PBS wash. Cells were then incubated for 1hr with 3% BSA in PBS to block nonspecific binding 

of the antibodies. Cells were incubated with primary antibody diluted in the blocking buffer at 

room temperature for 1hr, and washed three times for 10 min with PBS on a shaker. 

The dilutions used for the primary antibodies: rabbit anti ephrin B2, mouse Anti-Pig 

CD8α-PE, and mouse monoclonal antibody F45G4 (anti-N) are listed in Table 3. Cells were 

then incubated with the goat anti mouse Alexa Fluor 488 conjugated secondary antibody in 

3%BSA/PBS for 1 hr at room temperature. The cells were washed with PBS and mounted with 

ProLong™ Diamond Antifade Mountant with DAPI (for nuclear staining) and the coverslip 

(Thermo Fisher, Cat No P36966) sealed with nail polish. The cells were imaged on a Zeiss LSM 

710 Confocal Microscope at 630x using 63x oil immersion objective at CancerCare Manitoba by 

the help of Ludger Klewes.  

 

2.20 Receptor Blocking 

Sorted leukocytes were kept in RPMI supplemented with 10% FBS at 37 °C, 5% CO2 for 

24 hr or 48 hr prior to infection. IPAM 3D4/31 cells were grown to 100% confluency in 48 well 

plates and kept in RPMI supplemented with 10% FBS at 37 °C, 5% CO2. Cells were washed 

with PBS and counted with a haemocytometer. The sorted leukocytes were incubated with non-

conjugated rabbit anti ephrin B2 or anti-porcine CD8α antibodies at concentrations ranging from 

1-15 µg/ml for 30 min at 37 ⁰C in FBS free RPMI 1640 medium prior to infection. Cells were 

inoculated with NiV or HeV at a MOI of 0.1 in the presence of antibody for 1 hr at 37 °C, 5% 

CO2 in FBS free RPMI. The MOI was based on infectivity for Vero 76 cells. The cells were 
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subsequently washed 5 times with PBS, re-suspended in 500 µl of RPMI supplemented with 

2.5% FBS and antibody for 1 hr, 24 hr, or 48 hrs following inoculation at 37 °C, 5% CO2. 

Leukocytes were collected from the wells and removed by centrifugation and the infectivity in 

supernatants was determined by plaque assay. Quantification of viral RNA was done by RT-

PCR. IPAM 3D4/31 cells were also treated with ephrin B2 antibody or HeV soluble G or NiV 

soluble G and infected with HeV or NiV using the protocol above.  

 

2.21 Competition Assay 

Competition assays were performed as above, employing either HeV or NiV soluble G 

concentrations ranging from 1-20 µg/ml.  

 

2.22 In silico Modeling 

Crystal structures of porcine CD8αα (PDB ID: 5EDX) and NiV G (PDB ID: 3D11) were 

already available in the RCSB Protein Database (PDB). Protein-protein docking was performed 

by ClusPro 2.0 protein-protein docking server (Boston University). ClusPro 2.0 generated 30 

structures.  Ranking was performed by PS-HomPPI v1.3/DockRank (Pennsylvania State 

University) and DockScore (Malhotra et al., 2015). Molecular graphics images were generated 

using PyMOLv2.0 (DeLano Scientific, San Carlos, CA). 
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2.22 Ethics statement 

The collection of non-infected blood samples was included as a component of the AUD 

ID#: C-15-007 (Foot-and-mouth Disease Serotype A Vaccine Efficacy in Pigs), AUD ID#: C-16-

004 (Susceptibility of pigs, sheep, chickens, guinea pigs and rabbits to Zika virus infection), 

AUD ID#: C-16-005 (Use of IFN-expressing vectors in control of Ebola virus disease in swine), 

AUD ID#: C-16-006 (Use of IFN-expressing vectors in control of Nipah virus disease in swine), 

AUD ID#: C-16-010 (Improved vaccination for foot-and-mouth disease in pigs using intradermal 

application), AUD ID# C-17-001(Animal Care Training Course - Handling of Pigs in Positive 

Pressure Suits at the CSCHAH CL4 Animal Housing Facilities).  
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Results 

 

3.1 In vitro pemissivity of porcine PBMC subpopulations to NiV and HeV  

 

3.1a Virus stock preparation and titration 

Virus stocks were prepared and titrated on Vero 76 cells for 3 days for NiV and 4 days 

for HeV. The titre of the stock was 4.125x106 PFU/ml for NiV and 9.45x106 PFU/ml.  

 

3.1b Cell preparation from peripheral blood 

Adherent cells (monocytes/macrophages) were removed by overnight incubation of the 

swine PBMC. The cell populations of interest were harvested by magnetic sorting using PE or 

FITC conjugated antibodies against marker of interest. Antibodies against CD16, CD8, CD4, or 

CD21 markers were used. Sorting strategy is illustrated in Figure 6. The purity of the cells was 

verified immediately after sorting by flow cytometry. 

The CD8+CD16- T cells had a purity of 81.3% St. Dev 5.6, CD4+CD8- T helper cells 

had a purity of 92.8% St. Dev 1.5, CD21+ B cells had a purity of 78.9% St. Dev 2.8, CD16+ NK 

cells had a purity of 79.6% St. Dev 2.7, CD8+CD16+ NK cells had a purity of 78.4 St. Dev 3.2 

and CD8-CD16+ cells had a purity of 83.4% St. Dev 3.4. The selection antibody can cause steric 

hindrance and block virus entry. However, the percentage of antibody bound to cells 

dramatically decreases over time as the cell internalizes the antibody or antibody dissociates 

from the cell. For example, percentage of cells bound to antibody immediately after sorting 

CD4+CD8- cells was 92.8% St. Dev 1.5 and 48 hrs post selection, only 7.5% St. Dev 5 has the 

marker. Table 5 lists the percentage of cells displaying staining for marker after sorting; 24 hrs 

post selection, and 48 hrs post selection.  
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Table 5: Percent purity post selection of PBMC’s and the percentage of cells positive for 

selection antibody 24 hrs and 48 hrs post selection. 

Cell type Cell Purity 

after 

sorting 

(%) 

Percent of 

marker 

after 24hrs 

(%) 

Percent of 

marker 

after 48hrs 

(%) 

CD16+ 79.6±2.7 62.3 ± 4.4 11.5 ± 4.4 

CD8+CD16+ 78.4±3.2 48.2 ± 5.8 7.3 ± 4.7 

CD8-CD16+ 83.4±3.4 45.2 ± 6.2 2.1 ± 4.1 

CD21+ 78.9±2.8 58 ± 5.3 8.7 ± 3.3 

CD4+CD8- 92.8±1.5 57.5± 3.6 7.5± 5 

CD8+CD16- 81.3±5.6 53.6 ± 4.8 9.4 ± 6.2 
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3.1c Replication of NiV and HeV in the porcine primary immune cells 

Leukocyte subpopulations were inoculated with HeV or NiV 24 hrs post selected at MOI 

of 0.1, based on titers on Vero 76 cells. The IPAM 3D4/31 cells were inoculated 24 hrs post 

seeding, when they reach 100% confluency. The supernatants were harvested from the 

inoculated cells at 24 and 48 hpi. 

To determine whether steric hinderance can have an effect on virus attachment to the 

cells, CD8+CD16- cells were inoculated with NiV at 24 h post selection (53.6% ±4.8 of the cells 

labeled) and 48 h post selection (9.4% ±6.2 of the cells labeled). The obtained virus yields at 24 

hpi did not differ for the 2 time points of inoculation (Figure 8), and it was concluded that steric 

hinderance is not an issue, and cells can be inoculated with virus at either timepoint. 

The highest NiV yield (Figure 9) was detected in supernatants harvested from IPAM 

3D4/31. The CD8+CD16+ NK cells and CD8+CD16- T lymphocytes, followed closely by the 

CD16+ cells were also replicating virus in contrast to the CD21+ B-cells, CD8-CD16+ NK cells, 

and CD4+CD8- T cells. The low level of infectivity recovered from the three cell subpopulations 

was residual or likely due to contaminating cells from other permissive subpopulations of 

PBMC.  

Replication of HeV was detected only in IPAM 3D4/31 cells. HeV had higher virus titres 

(copy numbers/ml and PFU/ml) compared to NiV (Figure 9 vs Figure 10). Virus was not 

detected in supernatants harvested from CD16+ NK cells, CD8+CD16- T lymphocytes, CD21+ 

B-cells, or CD8-CD4+ T cells inoculated with HeV (Figure 10).  

Infection of the cells with HeV or NiV was confirmed by positive internal staining for the 

NiV/HeV-N protein using flow cytometry (Figure 11 and 12). No internal staining was 

observed in CD21+ cells, CD4+CD8-, or CD8-CD16+ cells inoculated with NiV or HeV (Figure 
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11). Positive internal staining was observed in NiV inoculated IPAM 3D4/31 cells, CD8+CD16-

T cells, CD8+CD16+ NK  cells and CD16+ NK cells (Figure 12).  

Contour flow cytometry plots were made to further analyze the populations of CD8+ and 

CD16+ cells that were infected with NiV. CD16+, CD8+CD16-, and CD8+CD16+ cells were 

harvested 48 hpi and surface stained for CD8α-PE and/or CD16-FITC and internally stained with 

anti-NiV N-Protein antibody. 

 The CD16+ (Figure 13A) clearly separated into 3 subpopulations from those positively 

stained for the CD16 marker, only about 50% stained also for the NiV-N protein (Quadrant 2). 

 The CD8+CD16- (Figure 13B) cells have again quite high percentage on unlabeled cells, 

and only a subpopulation of the CD8+ cells showed NiV-N staining. This was an interesting 

finding, as the CD8+CD16- cells would comprise two populations in terms of CD4 marker: the 

CD4+CD8+ cells would carry CD8αα dimer (T memory cells), and the CD4-CD8+ cells would 

carry CD8αβ marker (cytotoxic T cells).   

The CD8+CD16+ (Figure 13C) fraction was gated for only CD8α and CD16+ positive 

staining cells. The population that were positive for CD8α and CD16, all were infected with 

NiV. The CD8+CD16+ NK cells carry only CD8αα dimer.  

Consequently, it appeared that the T lymphocytes and NK cells were permissive to NiV 

only if they carried a CD8αα dimer. 

Positive internal staining was observed in HeV inoculated IPAM 3D4/31 cells only 

indicating that HeV may infect only immune cells of myeloid lineage (Figure 12).  
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Figure 8: Comparing CD8+CD16- cells inoculated with NiV at 24 h and 48 h post selection 

by (A) RT-PCR and (B) plaque assay. The same pig blood was used for 24 hrs and 48 hrs 

inoculations but different aliquots. The values are means ± St.Dev of 3 replicates. 

 

 

A 

B 
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Figure 9: Replication of NiV in the subpopulations of porcine PBMC. NiV replication in the 

supernatant of selected cells by (A) RT-PCR and (B) plaque assay. The values are means ± 

St.Dev of 3 replicates. 
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Figure 10: Replication of HeV in the subpopulations of porcine PBMC. HeV replication in 

the supernatant of selected cells by (A) RT-PCR and (B) plaque assay. The values are means 

± St.Dev of 3 replicates. 
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Figure 11: Flow cytometry analysis of PBMC subsets inoculated with HeV or NiV 48 hpi 

showing negative anti-HeV/NiV N-protein antibody staining. As a confirmation of infection, 

PBMCs were internally stained with anti-HeV/NiV N-protein antibody (PerCP label). Fig A, 

=CD21+, B=CD4+CD8-, and C=CD8-CD16+. 
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Figure 12: Flow cytometry analysis of PBMC subsets inoculated with HeV or NiV 48 hpi 

showing positive anti-HeV/NiV N-protein antibody staining.  As a confirmation of infection, 

PBMCs were internally stained with anti-HeV/NiV N-protein antibody (PerCP label). Fig 

A=IPAM 3D4/31, B= CD8+CD16+, C=CD8+CD16-, and D=CD16+ show intracellular staining 

for NiV N protein at 48 hpi. Positive intracellular staining for HeV was only observed in IPAM 

3D4/31 cells. 
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Figure 13: Flow cytometry analysis of (A) CD16+ cells, (B) CD8+CD16-, and (C) 

CD8+CD16+ cells inoculated with NiV 48 hpi showing positive anti-HeV/NiV N-protein 

antibody staining. The cells were restrained for CD8-PE and/or CD16+FITC markers and 

internally stained for anti-HeV/NiV N-protein antibody (PerCP label) 48 hpi. 
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3.2 Detection of ephrin B2 protein in cells (in IPAM 3D4/31, sorted porcine PBMC and cell 

lines) by immunoblot and flow cytometry 

The detection of ephrin B2 on a protein level in sorted PBMC and IPAM 3D4/31 cells 

was used to assess whether virus replication or lack thereof was related to presence of the 

receptor for the virus. Ephrin B3 was not probed for because an effective antibody specific for 

porcine ephrin B3 was not available, and ephrin B3 was not reported to be expressed on 

leukocytes.  

The cell lysate of the following subsets of PBMCs: CD8+CD16+, CD8-CD16+, 

CD4+CD8+, CD4-CD8+, and CD4-CD8+CD16- were analyzed for presence of ephrin B2 

initially by immunoblot (Figure 14). Swine testis fibroblasts (ST), immortalized porcine alveolar 

macrophage cell line (IPAM 3D4/31), porcine kidney (PK15), and African green monkey kidney 

(Vero 76) cells were used as controls.  

Whole cell lysates from all tested PBMC populations and cell lines expressed ephrin B2 

protein, except for CD8-CD16+ cells. The intensity of luminescence was different for each of the 

lysates indicating different levels of expression. Since the lysates were not prepared from the 

surface fraction, we could not conclude whether there was surface expression. Cells not 

permissive to NiV, such as the PK15 cell line (Aljofan et al., 2009) or CD4+CD8- (Stachowiak 

& Weingartl et al., 2012) had also detectable ephrin B2 protein in their cell lysates (Figure 14), 

the results were inconclusive.  

In course of the research work, anti-ephrin B2 antibody suitable for flow cytometry 

became available, and cell surface expression was then investigated using this approach. 
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Flow cytometry was used to confirm expression of ephrin B2 on the cell surface (Figure 

15): Ephrin B2 was expressed on the surface in IPAM 3D4/31 cells, ST cells, Vero76 cells, and 

monocytes. CD8+ cells, CD8- cells, and PK15 cells did not express ephrin B2 on the cell surface 

(Figure 15). These results demonstrate (Table 6) that, infection of cells is either linked to 

expression of ephrin B2 or CD8 marker on their surface, and the permissibility of CD8+ cells to 

NiV is not linked to ephrin B2 expression on a cell surface. 

The flow cytometry findings thus suggested presence of an alternative receptor on the 

leukocytes carrying the CD8 marker, and based on the permissivity findings above, specifically 

the CD8αα dimer. 

 

 

 

 

Figure 14: Ephrin B2 immuno Blot: Ephrin B2 expression in cell lines and selected PBMC 

subsets. 
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Figure 15: Flow cytometry analysis of ephrin B2 expression. PBMCs and cell lines were surface 

stained with anti-ephrin B2 antibody (PerCP label). Fig. A, B, C show lack of ephrin B2 staining 

for CD8+ fraction cells, CD8-fraction cells, and PK15 cells respectively. Fig. D, E, F and G show 

surface staining for ephrin B2 protein in IPAM 3D4/31, ST cells, Vero 76, porcine monocyte cells 

respectively.  
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Table 6: Ephrin B2 expression in selected cells PBMCs and permissiveness to NiV. ND-Not 

done 

Cell Type Permissive to NiV CD8  

Surface 

expression 

Ephrin B2 

expression in cell 

lysate  

Ephrin B2 

expression on 

cell surface  

CD8+CD16+ + + + - 

CD8- CD16+ - - - - 

CD4+CD8+ + + + - 

CD4+CD8- - - + - 

CD4- CD8+CD16- + + + - 

Porcine monocytes + - ND + 

Vero 76 + - + + 

IPAM 3D4/31 + - + + 

PK15 - - + - 

ST + - + + 
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3.3 Ephrin B2 and CD8α Antibody Blocking Assays 

 Blocking assays using the anti-ephrin B2 and anti-CD8α antibodies were performed to 

determine the effect of the blocking of the ephrin B2 receptor and CD8 putative receptors on the 

replication of NiV. Because the leukocytes were positively sorted using the anti-CD8α 

antibodies, the sorted CD8+ cells were expected to contain both CD8αα and CD8αβ expressing 

subpopulations. 

Cells were pretreated with non-conjugated antibodies either against ephrin B2 or against 

CD8α in concentrations ranging from 1-15 µg/ml, for 30 min at 37 oC, 5% CO2 in FBS free 

media. The cells were then inoculated with NiV at MOI 0.1, and incubated with the respective 

antibodies in 2% FBS medium under the same conditions for 24 hrs.  

 Figure 16 illustrates that, CD8α does block NiV replication in the CD8+ cells. A sharp 

decline and near full block is achieved with CD8α antibody. The ephrin B2 blocking curve 

(Figure 17), confirms that porcine CD8+ cells do not express ephrin B2. We observe non-

specific binding noted by the flat line with shallow curve and full blocking is not achieved. 

 The ability of CD8α antibodies to block NiV replication in CD8+ cells in comparison 

with the lack of specific block by ephrin B2 antibody indicated that CD8α acts as a receptor on 

CD8+ porcine lymphocytes.  
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Figure 16: (A) RT-PCR and (B) Plaque Assay Data of the replication of NiV in porcine CD8+ 

cells in various concentrations of non-conjugated porcine CD8α antibody at 24hrs. NiV 

detection in the supernatant of selected cells. The cells were inoculated 48h post selection. The 

values are means ± St.Dev of 2 replicate. 
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Figure 17: (A) RT-PCR and (B) Plaque Assay Data of the replication of NiV in porcine CD8+ 

cells in various concentrations of non-conjugated ephrin B2 antibody at 24hrs. NiV detection 

in the supernatant of selected cells. The cells were inoculated 48h post selection. The values are 

means ± St.Dev of 2 replicate. 
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3.4 CD8αβ is not a receptor for Nipah Virus 

 To confirm that the cells expressing CD8αβ heterodimer are not permissive to NiV, and 

the CD8αβ molecule cannot act as a receptor, the CD8+ cells were harvested from the thymus 

using a mouse anti-porcine CD8β-FITC antibody and FITC-sorting kit (Figure 6), and the cells 

were then inoculated with NiV as described above. The cell purity after sorting was 74.5% ± 2.4.   

 RT-PCR and plaque assay data show that CD8αβ cells were not permissive to NiV 

(Figure 18). Flow cytometry analysis of the internal cellular staining for NiV-N protein 

confirmed that there was no NiV replication (Figure 19).  

Immunohistochemistry was performed on in vivo NiV infected pig thymus (Figure 20). 

No NiV staining was observed confirming that CD8αβ cells are not permissive to NiV and only 

CD8αα acts as a receptor for NiV.   
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Figure 18: RT-PCR and plaque assay analysis of NiV inoculated CD8β selected cells. NiV 

replication in the supernatant of selected cells. The cells were inoculated 48 hrs post selection. The 

values are means ± St.Dev of 2 replicates. 
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Figure 19: Flow cytometry analysis of porcine CD8β. Inoculated cells were internally stained 

with anti-NiV N-protein antibody (PerCP label). No positive staining was observed. (A) Unsorted 

unstained CD8β sorted cells. (B) CD8β sorted cells. (C) NiV inoculated CD8β cells at 48hrs. 
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Figure 20: Negative Immunohistochemistry staining for NiV of in vivo NiV infected porcine 

thymus. Stained by Brad Collignon (CFIA) and imaged by Dr. Carissa Embury Hyatt. 
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3.5 Porcine CD8α and Ephrin B2 Transfection in Chinese Hamster Ovary Cells 

 

 CHO-K1 cells are permissive but not susceptible to NiV as they do not express ephrin-B2 

prior to transfection, the absence of expression of the ephrin was confirmed by immunoblot and 

flow cytometry (Figure 21-22) (Negrete et al., 2006). They also do not express CD8α protein as 

confirmed by flow cytometry (Figure 22). To determine if CD8αα plays a role in viral entry, 

CHO-K1 cells were transfected with CD8α and inoculated with NiV. Transfection of porcine 

ephrin B2 was used as a positive control. 

 Efficiency of transient transfections of porcine CD8α (NM_001001907.1) and porcine 

ephrin B2 (NM_001114286.1) protein expression plasmids pCDNA3.1 into CHO-K1 cells was 

determined by flow cytometry (Figure 22). The controls were non transfected CHO-K1 cells and 

CHO-K1 cells mock transfected with lipofectamine 3000.  

 CD8α and ephrin B2 single and co-transfections were repeated 3 times. Efficiency of 

transfection with CD8α plasmid only was 61.54% St. Dev 6.1 and ephrin B2 transfection 

efficiency was 65.54% St. Dev 8.7 (Figure 22); expression of ephrin B2 in transfected CHO-K1 

cells was also confirmed by immunoblot (Figure 21). Co- transfections did not change the 

transfection efficiency: in the co transfected cells, CD8α was expressed on 62.59% St. Dev 4.2 of 

the cells, and ephrin B2 was expressed in 63.87 % St. Dev 6.4 of the cells. When the cells were 

inoculated with NiV at MOI of 0.1, virus replication was detected in ephrin B2 and/or CD8α 

transfected cells by RT-PCR and plaque assay from the cell supernatants harvested at 24 hpi. The 

data showed that single transfected CHO-CD8α cells and CHO-ephrin B2 cells were equally 

effective in NiV replication; and co- transfected cells had higher copy numbers and PFU then 

single transfections (Figure 23) likely due to a greater number of transfected cells, as some cells 
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were expressing ephrin B2, CD8α, or both, although synerging effect in double transfected cells 

cannot be excluded.  

Infection of CD8α+ single transfected cells was confirmed by N antigen staining (Figure 

22). The Figure 22 shows 34% cells are infected with NiV at 24 hpi. With the MOI used (0.1), 

and only 61.54% St. Dev 6.1 cells were transfected, this result is expected.  

 NiV infection of CHO-K1 cells transfected with CD8α was also confirmed by confocal 

microscopy on fixed cells (Figure 24). The plate was inoculated with NiV at a MOI of 0.5, and 

24hrs fixed with paraformaldehyde, and the cells permeabilized with Triton X-100. The cells 

were then stained with anti-NiV N protein F45G4 antibody and goat anti-mouse Alexa Fluor 488 

conjugate, and/or mouse anti porcine CD8α-PE antibody, and mounted by ProLong Gold 

Antifade Mountant with DAPI. Cells that were expressing CD8α were permissive to NiV, and, 

non-transfected cells were non permissive to NiV. Plate labeled with star in Figure 23 illustrated 

that not all cells were transfected with CD8α protein (and expected to form homodimers of 

CD8αα), and only from those were some infected with NiV. Localization of both, CD8α and 

NiV N F45G4 antibody was observed on a number of cells.  

This data provides evidence that CD8α can serve as a receptor for NiV independently of 

ephrin B2, supporting the findings in primary porcine cells: CD8αα T and CD8αα NK cells.  
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Figure 21: Confirmation of the lack of ephrin B2 expression in CHO-K1 cells by western 

blot. Left-CHO-K1 cells transfected with porcine ephrin B2. Right-CHO-K1 mock transfected 

cells. 
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Figure 22: Flow cytometry analysis of CHO-K1 transfected cells. Fig A=Non transfected CHO 

cells surface stained with CD8-PE, Fig B=CHO cells transfected and surface stained with CD8α, 

Fig C=CHO cells transfected with CD8α and internally stained with anti-NiV N-protein antibody 

F45G2 (PerCP label), Fig D=Non transfected CHO cells surface stained with ephrin B2-FITC, Fig 

E=CHO cells transfected and surface stained with ephrin B2, Fig F=CHO cells transfected with 

ephrin B2 and internally stained with anti-NiV N-protein antibody F245G2 (PerCP label). 
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Figure 23: (A) RT-PCR and (B) plaque assay analysis of CHO-K1 cells transfected with 

ephrinB2 and/or CD8α. Due to differences in transfection efficiency, runs could not be 

quantitatively compared, however, all runs showed that CD8α, ephrinB2 and ephrinB2 +CD8α 

transfected cells were all infected with NiV and untreated CHO cells were not permissive to NiV. 
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Figure 24: Confocal microscopy staining of receptor-negative and -positive cells. Cells were 

plated into a MatTek glass bottom 24-well plates. The plate was inoculated with NiV at a MOI of 

0.5 for 24 h, fixed with paraformaldehyde, permeabilized with Triton X-100, and stained with NiV 

N F45G4 antibody and goat anti mouse Alexa Fluor 488 conjugate (Green), mouse anti-porcine 

CD8α-PE antibody (Red), and mounted by ProLong Gold Antifade Mountant with DAPI (Blue). 

All figures were imaged at 630x (63x oil immersion objective) on a Zeiss LSM 710 confocal 

microscope.  
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3.6 Competition of the HeV or NiV Soluble G with NiV on Porcine CD8+ cells 

 

Because of the differences in permissivity of CD8+ cells to NiV compared to HeV, we 

were interested in determining whether there is a difference in binding of the virus to the cells. 

We assessed the effect of various HeV and NiV soluble glycoprotein (sG) concentrations on 

virus infection of IPAM 3D4/31 cells and primary porcine CD8+ cells in vivo. The method used 

was a modified protocol by Bossart et al. [2005]. The CD8+ cells were prepared as described in 

section 2.7-2.8. CD8+ porcine cells were inoculated with NiV 48 hrs post selection to eliminate 

the possibility of CD8-PE selection antibody participating in blocking. The CD8+ cells were pre 

incubated with concentrations of HeV or NiV sG ranging from 1-20 µg/ml for 30 min, then the 

cells were inoculated at MOI of 0.1 of HeV or NiV, in the presence of HeV or NiV sG for 1 hr, 

followed by removal of the virus inoculum, and incubated in media containing HeV or NiV sG. 

At 1 hr, 24 hr, and 48 hr time points, supernatants and cells were removed. The supernatant were 

used for plaque assays on Vero 76 cells to detect infectivity and for NiV RT-PCR to detect 

genomic RNA. The cells were internally stained for HeV/NiV N protein and flow cytometry was 

performed.  

 To determine the range of optimal concentrations of the sG required to block replication, 

different concentrations of HeVsG were used to access kinetics of blocking on IPAM 3D4/31 

cells (Figure 25). IPAM 3D4/31 cells express ephrin B2 only; therefore HeV and NiV utilize a 

common receptor on these cells. Inhibition of HeV and NiV infection by HeV sG protein 

revealed a dose-dependent response. HeV sG completely blocked HeV infection of IPAM 

3D4/31 at 6µg/ml and higher, and also completely blocked NiV infection at 6 µg/ml and higher. 

This observation agrees with the report Bossart et al, 2005.  
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Porcine CD8+ cells were then treated with 6 µg/ml of NiV or HeV sG and infected with 

NiV using the same protocol used for the IPAM 3D4/31 cells. NiV sG was significantly more 

efficient in reducing NiV copy numbers and PFU compared to HeV sG (Figure 26-28), 

indicating that NiV is able to bind to the CD8 marker with higher affinity then HeV, explaining 

that lack of permissibility of porcine leukocytes to HeV. The block of NiV replication by NiV sG 

was not complete. The NiV sG is a truncated protein and the full protein G sequence may be 

required to achieve full block of NiV. See discussion in Conclusion (4.5.). 
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Figure 25: (A) RT-PCR and (B) Plaque Assay Data for the replication of NiV and HeV in 

IPAM 3D4/31 cells in various amounts of HeVsG at 24h time point. HeV and NiV yield in 

the supernatant of IPAM 3D4/31. The values are means ± St.Dev of 2 replicates.  
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Figure 26: (A) RT-PCR and (B) Plaque Assay Data for the replication of NiV in porcine 

CD8+ cells in various amounts of NiV and HeV sG at 24 h time point. NiV detection in the 

supernatant of CD8+ cells. The cells were inoculated 48 hpi. The values are means ± St.Dev of 2 

replicate. 
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Figure 27: (A) RT-PCR and (B) Plaque Assay Data for the replication of NiV in porcine 

CD8+ cells in 6 µl/ml of NiV and HeVsG. NiV yield in the supernatant of CD8+ cells. The cells 

were inoculated 48 hpi. The values are means ± St.Dev of 2 replicate. 
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Figure 28: Percent inhibition of  6 µl/ml NiV and HeVsG treatment in NiV infected porcine 

CD8+ cells compared to non-blocked control. Cells were inoculated 48 hrs post selection. 

Calculation used non logarithmic numbers. 
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3.7 In silico modelling of Porcine CD8αα-NiV Glycoprotein Interaction 

 

 The biological function of a protein depends upon the formation of protein-protein 

complexes. We attempted to model the protein-protein docking of porcine CD8αα and NiV G 

protein to further understand to binding of these proteins. Crystal Structures of porcine CD8αα 

(PDB ID: 5EDX) and NiV G (PDB ID: 3D11) were already available in RCSB Protein Database 

(PDB). Protein-protein docking was performed by ClusPro 2.0. ClusPro was used because it was 

rated first in the CAPRI (Critical Assessment of Predicted Interactions) rankings for protein 

docking platforms. A Balanced setting was used to generate the ClusPro models. Balanced 

setting optimizes van der Waals interactions, hydrophobic interactions, and electrostatic 

interactions. To rank the models, we used the method that was used by Xue et al, 2011. 

Generated ClusPro models were inputted into the program PS-HomPPI v1.3 (Partner-Specific 

Protein-Protein Interface Residue Predictor). PS-HomPPI predicts and optimizes the best 

theoretical protein binding sites. The results of the PS-HomPPI were then inputted into 

DockRank (Xue et al, 2014). DockRank ranks the models from PS-HomPPI. ClusPro also gives 

a ranking of the models. As a third way to rank the models generated by ClusPro, the models 

were inputted into DockScore which ranks on the basis of surface area, evolutionary 

conservation, hydrophobicity, short contacts and spatial clustering (Malhotra et al, 2015). 

Interestingly, the top 3 candidates that were generated by DockRank and DockScore coincide 

with the top 3 models generated by ClusPro (Figure 27). To visualize the models, PyMOL v2.0 

Molecular Graphics System was used. Figure 27 B and C had similarities with the NiV 

glycoprotein-ephrin B2 interaction. During the NiV glycoprotein-ephrin B2 interaction, the 

residues Ile588 and Tyr581 of NiV G bind the residue Phe 120 of ephrin B2. In the NiV 

glycoprotein-CD8αα interaction, the residues Ile588 and Tyr581 of NiV G bind the residue 
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ALA43 of porcine CD8αα dimer. However, that would conclude that NiV G binds either ephrin 

B2 or CD8α using the same binding site. If HeV, which had the same binding site for ephrin B2 

as NiV, does not bind to CD8αα (based on competition studies), this model is not likely, and one 

should consider model A. Both NiV G heads are involved in binding of the CD8α according to 

models A-C. Furthermore, models D-F suggest that ephrin B2 and CD8αα bind different regions 

of NiV G protein, which also negates that B and C as models. In addition, the PS-HomPPI 

ranking promotes A as the most probable interaction model from the evolutionally standpoint.  
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Figure 29: Top three models from ClusPro ranked by ClusPro, PS-HomPPI/DockRank, 

and DockScore. Models A-C are top ranking models for NiV G and CD8αα interaction. Models 

D-F are top ranking models for NiV G-Ephrin B2 complex and CD8αα interaction. Imaged on 

PyMOL v2.0 
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Discussion 

 

We have confirmed the results by Stachowiak and Weingartl [2012] that NiV replicates 

in primary CD8+ T lymphocytes, NK cells, and, using an immortalized porcine alveolar 

macrophage cell line IPAM 3D4/31 as a surrogate for monocytes, in cells of monomyelocytic 

lineage. The experimental work presented here also showed that only CD8+ and not CD8- NK 

cells are permissive to NiV. Furthermore, most importantly we have demonstrated that NiV can 

use CD8αα homodimer as a receptor. 

This work is also the first to evaluate permissibility of primary porcine immune cells to 

HeV. Porcine leukocytes were not found to be permissive to HeV, and from all the tested cell 

populations, only the cell line IPAM 3D4/31 was permissive to HeV.  

The CD8αα is not a shared receptor among the henipaviruses. NiV but not HeV had the 

ability to use CD8αα as a receptor. The ability of NiV to infect CD8αα+ cells has impoolications 

in vaccine development. The CD4+CD8αα+ cells are infected and play a important role in 

antibody development. 

4.1 Permissibility of IPAM 3D4/31 to HeV and NiV 

4.1.a Virus replication 

Monocytes differentiate into macrophages and dendritic cells. They function in 

phagocytosis, antigen presentation, and cytokine production. The human monocyte cell line 

THP-1 was permissive to NiV, although only very low viral titres were observed, compared to 

MRC‐5 and porcine stable kidney cells (PS) cells), and only after 48 hpi (Chang et al., 2006). 

Porcine monocytes were previously found to be permissive to NiV, and to produce higher titers 
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of NiV than porcine NK or T cells (Stachowiak & Weingartl., 2012). Similarly to what was seen 

for THP-1 cells, viral titers began to increase only after 48 hpi. The permissibility of porcine 

monocytes to HeV has never been investigated.  In this study, IPAM 3D4/31 cells were used as a 

surrogate for monocytes and were found to be permissive to NiV and HeV with relatively high 

viral yields already at 24 hpi.  

When comparing peak viral titres in IPAM3D4/31 cell infections, HeV (105.9 PFU/ml) 

produced similar titres to NiV (105.7 PFU/ml) (Figures 9-10). When comparing HeV and NiV 

infection in IPAM3D4/31 cells and Vero76 cells, titres produced by both viruses were lower in 

IPAM 3D4/31 cells than in Vero 76 cells. This observation is in full agreement with the 

observation by Stachowiak & Weingartl, (2012).The lower titres and delayed increase in virus 

titres in IPAM3D4/31 cells and porcine monocytes may be due to phagocytic nature of NiV 

monocytic cell types, where majority of attaching viral particles is phagocytized.  

 

4.1.b Ephrin expression in IPAM 3D4/31 

HeV and NiV glycoproteins (G) bind to ephrin B2 or ephrin B3. These ligands are 

receptors for both viruses (Negrete et al., 2005; Negrete et al., 2006; Bonaparte et al., 2005), 

although HeV uses ephrin B3 with much less efficiency (Negrete et al, 2007).Ephrin B2/B3 

ligands function in conjunction with their respective receptors (Eph proteins) in cell-to-cell 

communication, regulation of cell attachment and repulsion, vasculogenesis, and axonal 

guidance (Pasquale 2008; Lisabeth et al., 2013). 

Porcine monocytes and IPAM3D4/31 did express ephrin B2 on the cell surface observed 

by flow cytometry (Figure 15). Due to the lack of reagents, ephrin B3 expression was not 
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investigated; studies have found that ephrin B3 is expressed on the cell surface of murine 

monocytes (Yu et al., 2003); however nothing is known about expression on porcine monocytes. 

 

 

4.1c Competition of the HeV or NiV Soluble G with NiV on IPAM 3D4/31  

NiV and HeV replication was blocked almost 100% in IPAM3D4/31cells at 6 µg/ml 

using HeV sG (Figure 25). These results are consistent with the soluble G studies performed by 

Bossart et al [2005] in which NiV and HeV infections of Vero cells were potently inhibited by 

HeVsG. IPAM3D4/31 (Table 6) did not express CD8 molecule. In light of the observation that 

both NiV sG and HeV sG bind to ephrin B2 (Bonaparte et al., 2005), the ability of the soluble G 

proteins to block NiV and HeV replication in IPAM 3D4/31 cells confirmed that NiV and HeV 

use ephrin B2 as a receptor for cell entry in the IPAM3D4/31 cells.  

 

4.2 CD8αα dimer is a second receptor for NiV 

4.2a NiV and HeV infection of porcine PBMC subpopulations in vitro 

Stachowiak and Weingartl [2012] determined that NiV replicates in primary CD8+ T 

lymphocytes and NK cells, but not B cells, CD4-CD8-, and CD4+CD8- cells. HeV permissibility 

studies on swine peripheral blood lymphocytes have never been performed.  Confirming the 

permissibility of porcine PBMCs to NiV was used as a control to determine the permissibility of 

porcine PBMCs to HeV. 
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Cell preparations highly enriched (78.9 % ±2.8 to 92.8 % ±1.5) for a specific 

subpopulation based on surface antigens/markers were obtained by magnetic separation using 

antibodies targeting the label (FITC or PE) attached to the primary antibody against the marker 

of interest (CD8α, CD16, CD4 etc.).  

Blocking of a viral receptor on the cell surface by the selection antibody/magnetic bead 

complex was thus not considered an issue at the time of inoculation with the virus, as discussed 

in the Results section. 

We have shown that in swine peripheral blood, NiV replicated in cells carrying the CD8 

marker, but there appeared to be a population of CD8+CD16- cells refractory to NiV replication 

(Figure 13). The peripheral blood leukocytes can carry the CD8 marker either as CD8α 

homodimer or CD8αβ heterodimer. Table 1 (page 44) outlines CD8 expressing cells in 

peripheral blood. Since the NK cells expressing CD8 marker carry only the CD8αα homodimer, 

and they were all permissive to NiV (Figure 9; 12; 13), we speculated that the permissibility of 

CD8+ cells to NiV may require presence of the CD8α homodimer on the cell surface. 

 

4.2 B) Detection of ephrin B2 protein in sorted porcine PBMC and cell lines by immunoblot 

and flow cytometry 

First step was to determine, whether expression of ephrin B2 on a protein level was 

responsible for the observed permissivity of the subpopulations of CD8+ cells. Although the 

protein was detected by immunoblotting in cell lysates of both NiV-permissive and non-

permissive porcine PBMCs and cell lines (Figure 14), cell surface expression of the ephrin B2 

using flow cytometry was not detected on CD8+ and CD8-porcine PBMCs (non-adherent cell 

fraction) (Figure 15), suggesting that peripheral blood lymphocytes of swine lack ephrin B2 
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surface expression. There are no reports of ephrin B3 expression on CD16+ NK cells or T cells 

of swine, and although it is expressed on the surface of murine CD8+ cells (Yu et al., 2003), it is 

not known if human or porcine CD8+ cells express ephrin B3 on their surfaces.  In the absence 

of ephrin B2 (and B3) on the surface, the swine CD8 marker appeared to allow replication of 

NiV in specific subsets of CD8+ porcine lymphocytes.  

 

4.2c Blocking of NiV replication by antibody against Ephrin B2 and CD8α 

 Many studies have used antibody blocking to confirm that a virus uses a specific 

receptor. In our study, non-conjugated anti-porcine CD8α antibody was able to block NiV 

replication in porcine CD8+ cells (Figure 16), while non-conjugated anti-ephrin B2 antibody 

was not (Figure 17). 

The drop in NiV PFU or copies/ml with increasing anti-CD8α antibody (Figure 16), but 

not increasing anti-ephrin B2 antibody (Figure 17) was comparable to blocking the virus 

replication in IPAM 3D4/31 cells using competition with anti-ephrin B2 antibody, with a 

complete block of virus production observed in both systems. The lack of ephrin B2 blocking 

(Figure 17) confirms the flow cytometry findings that porcine CD8+ cells do not express ephrin 

B2 on the cell surface. The slight decrease in viral titres observed with increasing anti-ephrin B2 

antibody could be a result of non-specific blocking.  
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4.2d CD8αβ is not a receptor for Nipah Virus 

 While CD8+ cells in the porcine peripheral blood carry either the CD8αα homodimer, or 

the CD8αβ heterodimer, CD8+ cells in the thymus (thymocytes) express only the CD8αβ 

heterodimer, and were used to probe which dimer serves as a receptor for NiV. In NiV 

pathogenesis studies in animals, the porcine thymus was not found to be positive for infectious 

virus, presence of viral RNA by RT-PCR or viral antigen IHC (Middleton et al., 2002; Weingartl 

et al., 2005). In this study, thymocytes harvested from 4 week old pigs and inoculated in vitro 

with NiV were not found to be permissive to virus replication (Figure 19), and also did not show 

any intracellular NiV-N protein staining by flow cytometry (Figure 18). This confirmed the 

findings that no NiV staining was observed in the thymus of in vivo infected pigs (Figure 20) 

and ruled out the possibility that porcine CD8αβ dimer served as a receptor for NiV.   

 

4.2e CD8αα dimer serves as a receptor for NiV 

 To confirm the results of the blocking studies suggesting that CD8αα is a receptor for 

NiV, permissive but non-susceptible Chinese Hamster Ovary (CHO) cells (which lack ephrin B2 

and B3 expression) were transfected with the porcine CD8α coding region and inoculated with 

NiV. Ephrin B2 was also transfected as a control. The CD8α forms a dimer when expressed in 

transfected cells (Liu et al., 2016; Sun & Kavafhas., 1997), simulating the marker conformation 

on leukocytes.  

We confirmed that CHO-K1 cells that express porcine CD8α and/or porcine ephrin B2 

are permissive to NiV (Figure 22-24). NiV can use the porcine CD8αα homodimer 

independently from porcine ephrin B2, agreeing with the hypothesis that CD8αα expression on 
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porcine CD8+ cells render these cells permissive to NiV even in the absence of ephrin B2 

surface expression. No viral replication was observed in non-transfected CHO-K1 cells. 

 

4.3 Competition of the HeV or NiV Soluble G with NiV on Porcine CD8+ cells 

HeV sG was able to fully block replication of HeV and NiV in IPAM3D4/31 cells. In 

IPAM3D4/31 cells, ephrin B2 is the receptor; thus, HeV sG was able to block replication of both 

viruses. In porcine CD8+ cells, NiV sG was shown to block NiV replication substantially better 

than HeV sG when compared to non-blocked cells (Figure 26-27). We propose that NiV sG has 

a significantly greater affinity for the porcine CD8αα than HeV sG. HeV doesn’t have adequate 

affinity for porcine CD8αα. 

Replication of NiV in CD8+ cells was not blocked completely when treated with 6 µg/ml 

of NiV sG (Figure 26-27). An incomplete block of NiV replication in CD8+ cells by NiV sG 

may be occurring because other factors are participating in the binding of NiV to CD8αα. It is to 

note that the sG used was truncated. The full protein G sequence may be required to achieve full 

block of NiV, as conformation may be critical. However, further research has to be done to 

verify this. 

The only virus known to use CD8 as a receptor is HIV-1. Saha et al., (2001) discovered 

an isolate of HIV-1 from AIDS patients that maintained the ability to infect CD4+ cells and was 

able to infect CD4-CD8+ cells using the CD8 receptor independently of CD4, CXCR4 or CCR5. 

In this isolate, the HiV gp120 protein had evolved to use CD4 and CD8 as receptors for cell 

entry. Interestingly, use of alternative receptors is not an exception in the family 

Paramyxoviridae. Measles virus from the family Paramyxoviridae, has also two envelope 
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glycoproteins, the hemagglutinin (H) and fusion (F) proteins which are responsible for 

attachment and membrane fusion. Three cellular receptors for measles virus are known, CD46, 

CD150/SLAM, and Nectin 4 (Lin et al., 2016), and the hemagglutinin protein has likely evolved 

to use multiple receptors and infect more cell types.  

4.4 In silico Modeling of Porcine CD8αα-NiV Glycoprotein Interaction 

 The binding affinity of the complexes in (Figure 29) is explained in in terms of 

electrostatic forces, van der Waals forces, and polar and non-polar solvation energy 

contributions. Structural analysis of interacting porcine CD8αα and NiV G Figure 29 B and C, 

show that the same two residues (Ile588 and Tyr581) of NiV G that participate in hydrophobic 

interactions that bind the Phe120 of ephrin B2 can be also involved in binding the porcine 

CD8αα dimer (Ala43). Based on out analysis, we propose model A as a liklely model for the 

CD8αα- NiV G interaction.  

4.5) Conclusion 

The work presented in this thesis provides new insight into alternate NiV receptors and 

permissibility of porcine PBMCs for infection by NiV and HeV. We have concluded that, HeV 

may infect only immune cells of myeloid lineage based on the observation that HeV only 

infected IPAM3D4/31 cells and not infect cells of the lymphoid lineage.  

We have confirmed results published by Stachowiak & Weingartl, [2012], which 

documented that only CD8+ porcine PBMCs were permissive to NiV and not CD8- PBMCs, and 

further narrowed it to CD8+ cells carrying the CD8αα homodimer. 
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Interestingly, peripheral blood T cells of humans and rodents express mainly CD8αβ and 

not CD8αα on their surface (Norment & Littman., 1988; Shiue et al., 1988). Humans do have a 

subset of CD4+CD8αα+ cells circulating that could be permissive, however, they are very rare 

and only found during heightened immune response, as observed in patients with myasthenia 

gravis, arthritis, and leprosy. Majority of the human T cells would therefore not be permissive to 

NiV replication. This is in a full agreement with the study by Mathieu et al. (2011), which 

concluded that human PBLs were not permissive to NiV infection but could act as a transport 

mechanism to other parts of the body as the virus could bind to but not internalize into the cell. 

The percentage of peripheral blood T cells expressing the CD8αα homodimer can be in 

pigs very high when compared to other species, as it comprises the CD4+CD8+ cells (which 

represent up to 60% of the CD8+ cells, depending on age) and CD8+ NK cells and at least two 

minor subpopulations of NKT and iNKT. At 9 weeks of age, the percentage of porcine PBMCs 

that are CD8α+ is approximately 25%, however, these cells also include CD4-CD8+αβ cells 

(Stabel et al., 2000). The infection of a large percentage of the total PBMCs by NiV could have a 

profound effect on the following aspects of the immune response: 

CD8- NK cells differ from the CD8+ subset in that they express higher levels of NKp46 

(involved in protection against tumors and viral infections), CXCR3, IFN-γ, and TNF-α which 

leads to a highly activated immune state leading to higher cytokine expression (Mair et al., 

2013). A lower cytotoxic activity was observed in the NKp46- cells than NKp46+ cells, however 

the precise role of the CD8+ NK cells is not known (Gerner et al., 2009). The effect of NiV 

infection of CD8 (+) NK cells on pathogenesis of NiV is unknown and future studies would be 

required to assess the importance of this subset in disease and immune response in NiV infected 

pigs.   
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A dramatic decrease in the CD4+ cells was observed in pigs requiring euthanasia due to 

advanced NiV infection, which was observed during the in vitro infection of PBMC (Stachowiak 

& Weingartl., 2012). The CD4+ T cells in swine consist of two sub populations: 

CD4+CD8- T helper cells, were found to be refractory to NiV infection in this work, 

confirming the previous results [Stachowiak & Weingartl., 2012], and the CD4+CD8+αα cells 

were found to be permissive to NiV during the course of this work. 

CD4+CD8+αα cells are MHC class II-restricted antigen-specific memory T helper cells. 

They are involved in cell proliferation, the production of cytokines such as interferon alpha and 

IL-2, and the stimulation of antibody production in B cells. The prevelence of CD4+CD8+αα T 

cells increases upon virus infection and throughout the life time of the pigs and can reach up to 

60% of T cells in the PBMCs (Saalmüller et al., 1999). Modulation of the CD4+CD8+αα cell 

functions and reduction of this population by NiV in the infected animals may significantly 

hinder the early immune response and delay the antibody development (Berhane et al., 2008). In 

addition to the production of IFN-γ, stimulated CD4+CD8+ T lymphocytes also produce TNF α 

and IL-8 (Gasser et al., 1995).  

The CD4-CD8+αβ cells are MHC class I-restricted cytotoxic T cells. They secrete 

cytokines that kill target cells. Porcine CD8+ T lymphocytes are important in viral clearance as 

they produce IFN-γ to activate the JAK-STAT pathway to initiate antiviral state and destroy 

infected cells by Fas/FasL interactions and the release of cytotoxic granules (Bruin et al, 2000). 

Based on the results of this work this T cell population is not permissive to NiV, however 

Stachowiak and Weingartl [2012] observed that in vitro, CD4−CD8+ cell frequencies decreased 

in pigs that required early euthanasia due to advanced NiV infection.  



119 
 

Internalization of NiV by CD8αα may be occurring differently in T-lymphocytes and 

CHO-K1 cells. NiV has been shown to enter HeLa cells by clathrin-coated pits (Aguilar et al., 

2010; Bossart et al., 2002) and, in ephrin B2-transfected CHO-K1 cells, through 

macropinocytosis (Pernet et al., 2009). In human T lymphocytes, internalization of CD8-TCR is 

through clathrin-coated pits (Liu et al., 2000), and NiV may be mimicking class I MHC 

molecules in the MHC I-CD8-TCR interaction. We speculate that the internalization of NiV can 

occur when the NiV-bound CD8αα interacts with the TCR and is subsequently internalized by 

coated pits. On the other hand, internalization of NiV and HeV in the monocytic cells, as 

shownby our studies on IPAM 3D4/31 cells, can be presumed to occur by micropinocytosis 

using ephrin B2 as a receptor (Pernet et al., 2009). It appears that HeV does not have the ability 

to bind to CD8α and solely relies on ephrin B2 for the cell entry, since the virus was not able to 

replicate in primary porcine lymphocytes but was able to replicate in IPAM3D4/31 cells (Figure 

10).  

The IPAM3D4/31 cells produced more virus then CD8+ cells following NiV inoculation 

according to viral plaque and RT-PCR data (Figures 9-11). The higher viral titres could result 

from many factors. The IPAM3D4/31 population was pure which could explain the higher viral 

titres when compared to other permissive PBMC populations.  

There could be several future directions of research resulting from the presented work: 

Obtaining a crystal structure of the NiV G-CD8αα interaction may allow the identification of 

targets for the development of antiviral agents against NiV for pigs. Additionally, analyses of 

these complexes will allow further insights into how CD8αα participates in binding, as there has 

been only one other study in which CD8 has been shown to be a receptor for a virus (Sahaet al., 

2001).  
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Since infection of lymphocytes is an important characteristic of swine disease, this work 

has implications in vaccine design. Development of a veterinary vaccine against NiV which 

elicits cell mediated immune respose is needed, especially from a OneHeath perspective, as a 

means to further enhance protection of the human population against infections by this pathogen. 
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