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ABSTRACT 
 

Nipah virus (NiV) is a highly pathogenic and zoonotic paramyxovirus in the subfamily 

Paramyxovirinae, genus Henipavirus.  The virus causes outbreaks of severe febrile encephalitis 

with a high mortality rate in humans, and of encephalitic and respiratory disease but with a low 

mortality rate in pigs.  

 The innate immune response has a critical role in limiting viral infection by activating 

antiviral state and adaptive immune response. As pigs are able to overcome the infection with 

NiV, the working hypothesis was that IFN induced signaling pathways are not completely 

inhibited by NiV in infected porcine cells enabling an antiviral state to be established. Indeed, 

there was no block of eIF2α phosphorylation in porcine fibroblast (ST) and monocytic-like 

(IPAM) cells, and interestingly also not in human fibroblast (MRC5) cells, suggesting no 

differences in the establishment of an antiviral state. To address the potential activation of an 

alternative IFN induced pathway, the MAPK signaling pathways were examined. The findings 

revealed that NiV infection triggers different kinetics of phosphorylation of ERK and p38 

MAPK in the selected cell types. The data indicates that p38 MAPK to be indispensable for NiV 

replication in vitro especially in immune cells.  

  Previous studies did suggest the involvement of immune cells in viral spread and in 

immune modulation of porcine adaptive immune response. The next hypothesis stated that NiV 

infects immune cells and affects the population frequencies of PBMC in pigs.  The objectives 

were to determine the permissiveness of porcine immune cells to NiV in vitro and if a 

subpopulation frequency of PBMC is affected in vivo. In vitro, productive viral replication was 

detected in monocytes, CD6+CD8+ T lymphocytes and NK cells, by recovery of infectious 



iii 
 

virus, anti-genomic RNA and detection of structural N and non-structural C proteins within the 

infected cells. B lymphocytes, CD4-CD8-, as well as CD4+CD8- T lymphocytes were not 

permissive to NiV. In NiV infected piglets, the expansion of the CD4+CD8- T cells early post 

infection was consistent with a functional humoral response. In contrast, significant drop in 

CD4+CD8- T cell frequency was observed in piglets which succumbing to experimental 

infection, supporting vaccine studies that antibody development is a critical component of 

protective immune response. Thus in the porcine host, both aspects of innate and adaptive 

immune response are affected and contribute to NiV pathogenesis. These findings will help 

researchers to design and establish vaccination programs that would be more effective in pigs.  
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1.0 Introduction 

 Nipah virus is a zoonotic, highly pathogenic, biosafety level 4 (BSL4) virus within the 

family Paramyxoviridae, genus Henipavirus (1). Humans infected with NiV suffer primarily 

from severe encephalitis with pulmonary involvement in a high percentage of patients, and with 

fatal outcomes in about 40 or more percent of laboratory confirmed cases, depending on the 

outbreak (2, 3). All human cases during the initial 1998–1999 outbreak in Malaysia and 

Singapore were due to transmission of NiV from infected pigs (4, 5). In Bangladesh, 

transmission of the virus from its natural reservoir, the Pteropus bat to humans is by ingestion of 

contaminated date palm sap or fruit. In addition, nosocomial and human to human transmission 

have also been reported (6, 7, 8).  

1.1 History of Nipah virus outbreaks  

 In the second half of 1998, Mаlаysiа reported an outbreak of encephalitis, initially 

thought to be caused by Japanese encephalitis virus (JEV) (2). The outbreak had epidemiologic 

characteristics which were unlike those of the endemic mosquito-borne JEV, and in March 1999, 

Nipah virus (NiV) was identified as the etiologic agent of the outbreak (4, 9). Characteristics of 

this outbreak included exposure to swine as the principal risk factor for infection; the 

occupations, racial groups and age groups were also considered when the association was made 

with the infection (4, 9). The disease primarily involved the central nervous system with patients 

progressing to coma and death. The outbreak was eventually brought to а halt by instituting а 

system of surveillance and culling in excess of 1.1 million swine. The culling resulted in huge 

economic losses (10). In 1998-1999 in both Malaysia and Singapore, there were a total of 265 
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human cases and 105 deaths due to zoonotic transmission of NiV from pigs to humans (2, 11-

13).   

 In 2001, an outbreak of disease occurred in Siliguri, India, where transmission of the 

disease included family members and attending medical staff (14). The etiology of the outbreak 

remained unknown until serum specimens were tested and discovered to have IgM antibodies to 

NiV. Subsequently, NiV viral RNA was detected by RT-PCR in the urine of patients and the 

viral identity was confirmed by sequencing. Unlike the previous outbreaks in Mаlаysiа, no 

intermediate аnimаl host was readily identifiаble. Beginning in 2001, Bangladesh had а number 

of relatively small outbreaks in an area bordering India to the east (7, 15, 16, 17). The mortality 

rates in these subsequent regional outbreaks were as high as 75% compared to the 40% seen in 

other documented cases (7, 18). To date it is estimated that there were 582 human cases of NiV 

with an overall 315 human fatalities accounted (16, 19, 20).  Epidemiological investigations 

suggested а number of routes for human infection including direct or indirect contact with fruit 

bats (Pteropus gigаnteus being the predominate species in this region) in roosting or feeding 

аreаs (21, 22), contamination through food products by the bats (partially eaten fruits or palm sap 

tapped from trees) (15, 23), and person to person transmission (6, 18, 24).  

1.2 Nipah virus reservoir 

 During the initial outbreaks the suspected route of transmission of NiV was from bats to 

pigs via pig feed, contaminated by bats feces and saliva (2, 5, 21, 25). Bat feces and urine were 

also the primary risk factor of NiV infection in outbreaks in Bangladesh (26, 27), where several 

P. giganteus samples were identified to be positive (27).  Shortly after the Malaysian outbreak, 

samples taken from bats from the following species were also found to be seropositive:  

Cynopterus brachyotis, Eonyveteris spelaea, Scotophuilus, Pteropus vampyrus and Pteropus 
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hypomelanus (25).  Overall, the highest prevalence of neutralizing antibodies was detected in 

fruit bats from the species of P. hypomelanus and P. vampyrus (25).  P. vampyrus bat species are 

widely found in South Asia and are able to move hundreds of miles within days (28); therefore it 

is thought to be the most important host for NiV (26). A growing list of Pteropus species with 

antibodies against NiV reinforced the hypothesis that Pteropus species (Order Chiroptera, 

Family Pteropodidae) act as a host reservoir for Nipah virus (22, 25, 26, 27, 29). In 

experimentally NiV infected bats, NiV was detected in urine (30).  The successful isolation of 

NiV from Pteropus spp. bats was depended on seasonal factors which could be interpreted as 

evidence for seasonal dependent variation of virus concentration or prevalence (31, 32).  

Outbreaks in Northern India and Bangladesh occur repeatedly in January/February (7, 15, 23); 

and in Thailand, the virus was consistently found in May from P. lylei urine (29). These months 

coincided with the bat's breeding seasons. The breeding cycle/season of Pteropus spp. bats 

commences in December and pups are delivered in February, followed by pup separation from 

mother which starts in May (33, 34).  The breeding season overlapping with the early palm sap 

harvest season likely result in a high risk period for spillover of NiV (35, 36).  

1.3 Classification 

 Nipah virus belongs to the family Pаrаmyxoviridаe, has а non-segmented, negative 

strand RNA genome surrounded by an envelope forming relatively spherical, pleomorphic virus 

particles (4). There are two subfamilies within the family Pаrаmyxoviridаe, the Pаrаmyxovirinаe 

and the Pneumovirinаe. The subfamily Pаrаmyxovirinаe is divided into 5 genera: Rubulаvirus 

(prototype, mumps virus), Respirovirus (prototype, human pаrаinfluenzа virus 1), Morbillivirus 

(prototype, Meаsles virus), Avulаvirus (prototype Newcastle disease virus), and with the 

emergence of NiV and its counterpart Hendrа virus (HeV), а relatively new genus Henipаvirus 
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(Fig.1) (37, 38).  The henipaviruses genetic organization does resemble viruses found in the 

Respirovirus and Morbillivirus genera (37, 38).  

 The most prominent molecular feature of henipaviruses is the large genome of 18,246 

nucleotides (nt) compared to other members of the Paramyxoviridae family (37, 39, 40).  The 

prototypical genomes of NiV and HeV are 18,246 nt and 18,234 nt long respectively (37, 40).  

There are two distinct strains of NiV isolated from the Malaysian and Bangladesh outbreaks. 

Sequence analysis revealed that there is a nucleotide variation range of 6.32% - 9.15% and an 

amino acid variation range of 1.42% - 9.87% between the Malaysian and Bangladesh strains 

(41).  Recently, a new virus with a similar genome size of (18,162 nt) to NiV and HeV referred 

to Cedar virus (CedPV) was also isolated from pteropid bats (42).   

1.4 Viral structure and genomic organization 

 Nipah virions share common morphological characteristics with the rest of the family 

Pаrаmyxoviridаe, such as pleomorphic structure with spike like projections. Nipah virus particles 

are larger in average diameter (500 nm) with surface spikes of 10 nm in length (43, 44).  The 

attachment glycoprotein (G) and fusion (F) proteins are the surface spikes that protrude from the 

surface of the lipid bilayer membrane. The matrix protein (M) is at the inner surface of the lipid 

bilayer envelope and stabilizes the structure by interacting with the surface glycoproteins and 

ribonucleocapsid (RNP).   The RNP is inside the viral membrane consisting of viral genome 

surrounded tightly by nucleoprotein (N), the phosphoprotein (P) and the RNA-dependent RNA 

polymerase (L) (45). The complete structure of NiV and its individual components are shown in 

Figure 2. 
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Figure 1 Phylogenetic tree of Pаrаmyxoviridаe family based on the N amino 

acid sequences. The Morbilivirus and Respirovirus genera have similar genetic 
organization to Henipavrus genus. The Henipavirus genus is highlighted to 

accent the comparison of nucleotides of Malaysian and Bangladesh NiV strains, 

HeV and newly added CedPV. Adapted from (42).  
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Figure 2 Nipah virus structure and the viral polymerase complex  
that is required for transcription of genomic RNA into mRNA and 
anti-genome RNA. 
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 The organization of the henipаvirus genome is shown in Figure 3A.   The viral genome 

encodes for six genes in the following order:  3  ̀ leader - nucleocаpsid (N), phosphoprotein (P), 

mаtrix (M), fusion (F), glycoprotein (G), and RNA-dependent RNA polymerase (L) - trailer-5’ 

(46, 47, 48).  Like other paramyxoviruses, 3’ leader and 5’ trailer regions are present for both 

transcription and replication and each gene is flanked by gene-start (GS) and gene-end (GE) 

sequences with untrаnslаted regions (UTRs) (45).  Nipah genome size is attributed to the large 

UTRs at the 3’ end of most genes with unknown functions (40). Recently, the 3’ UTR of NiV N 

function was revealed to play a role in posttranscriptional regulation by binding of hnRNP 

(heterogeneous nuclear ribonucleoproteins) which are endogenous host protein present in the 

cytoplasm of cells (49).  The GS signals initiation and capping whereas the GE is essential for 

polyadenylation and termination of each mRNA (45). The genomic promoters have similar 12-

13 nt at the end of the genome and antigenome and are important for virus replication (50).  The 

NiV P gene produces three non-structural proteins referred to as C, V, and W.  The NiV V and 

W proteins are produced from edited RNA transcripts by insertion a non template G’s into NiV P 

reading frame by polymerase stuttering (51). Transcripts with one added G express the V protein 

and transcripts with two added two G’s will express the NiV W (51).  NiV C protein is encoded 

by аn internal open reading frame (ORF) that initiates 23 nt downstream of the trаnslаtionаl 

initiation site for the NiV P ORF (52) as represented in Figure 3B.  
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Figure 3 A. NiV genome consists of six structural genes with unique  genus specific 3’ leader  
and 5’ trailer sequences B. Gene processing of the NiV P transcript produces three non 
structural proteins, NiV V (454 aa),  W (449aa) and C (166aa).  NiV C is produced from an 

entirely different reading frame within the P gene and NiV V and W are transcribed with 
insertion of non templated G’s inserted into NiV P reading frame. The P protein of 709 aa is 
produced from the unedited P transcript. The red bracket indicates the common N –terminal 
region and the green bracket indicates the unique C terminal region of each non-structural 

protein.  
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1.5 Nipah structural proteins  - physical characterization and function 

 The nucleocаpsid (N) proteins of NiV and HeV are 532 amino acids in length and 

responsible for encаpsidаting the viral genome and mRNA during replication and transcription 

(53).  The NiV N protein has the ability to assemble itself in the absence of other viral proteins 

into a ring like structure (54, 55).  The N proteins of the subfamily Pаrаmyxovirinаe cover 

exactly six nucleotides to enable for effective viral replication (56).  Due to structural constraints 

imposed by the binding between the RNA and the N protein, mutations in the NiV N protein can 

lead to inefficient viral replication (53, 55).  The nucleoproteins of pаrаmyxoviruses including 

NiV N are usually comprised of two domains; the аmino-terminаl domain is responsible for 

specific interaction with the RNA genome and other N proteins, and the cаrboxy-terminаl 

domain interacts with the P protein (57).  The C-terminal domain of N is mostly disordered 

allowing for flexibility to exert multiple biological effects along with binding to the C-terminal X 

domain (XD) of the homologous P protein (58). For maximal replication, NiV N protein needs to 

be phosphorylated as demonstrated in studies on effective minigenome replication (59).  The 

turnover rate of NiV-N residue phosphorylation is quick suggesting the involvement of host 

cellular activity regulation of NiV N phosphorylation (59).  Another important feature of NiV N 

proteins is its strong immunogenic properties and high abundance making it ideal for diagnostic 

purposes (54, 60). 

 The phosphoprotein (P) is generated from the P gene along with three other distinct non- 

structural proteins (45).  The NiV P protein is least conserved NiV protein and is about 100 to 

400 amino acids longer than other paramyxovirus P proteins (57). Biochemical and structural 

studies of NiV P revealed disordered and order domains required to complex with the 

nucleocapsid (58). These regions on the NiV P are essential to interact with N protein for 
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replication and the transcription of mRNA as part of the RNA dependent RNA polymerase 

(RdRp)(57, 61).   In addition, the P protein is phosphorylated on serine residues by cellular 

kinases in order to interact with N protein during virus replication and transcription (62).   

 The NiV mаtrix (M) protein has а length of 352 amino acids (1). By interacting with the 

inner surface of the viral envelope, F protein and ribonucleoprotein complex, the M protein 

provides stability to the virion structure (63).  The N terminal domains on the NiV M protein are 

essential for virus budding and are retained near the inner surface of the envelope (63, 64).  In 

epithelial cells, once syncytia are formed the M protein moves from the cytoplasm to accumulate 

on the apical surfaces to facilitate the release of newly replicated virus (65). Proper nuclear and 

cytoplasmic trafficking of NiV M is essential for virus budding and is regulated by putative 

bipartite nuclear localization sequence (NLS), containing a lysine rich nuclear export sequence 

(NES).  This lysine rich NES is involved in import and export as well as required for plasma 

membrane targeting of NiV M for incorporation into the virion (66).  Therefore, the 

ubiquitination of the NiV M protein is required for export from the nucleus but it remains to be 

demonstrated why NiV M requires nuclear transit and possible post translation modification for 

virus assembly and budding (66).  

 Nipah G (attachment) glycoproteins are type II membrane proteins (602 amino acids) that 

serve primarily for binding to cellular receptor (1, 67). NiV G structure is comprised of a 

globular head connected to its transmembrane anchor and short cytoplasmic tail via a stalk 

domain (68).  The globular head of the G protein folds as a β-propeller consisting of six blades 

and is maintained by disulfide bonds between each blade (68). The globular head of the G 

protein binds with ephrin B2 cellular receptors, which are expressed on lymphocytes, neurons, 

smooth muscle cells, and endothelial cells surrounding small arteries (69 -73). The normal 
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cellular function of ephrin B2 is to regulate cellular processes such angiogenesis (to form new 

blood vessels through endothelial sprouting), proliferation and remodeling processes (74).  This 

cellular receptor is important in mammalian host development and is a highly conserved protein 

across mammalian species.  Due to the expression of these ubiquitous receptors, NiV can enter 

into a number of host cells.  In addition, ephrin B3 is also a receptor for NiV G and this receptor 

is found predominately in brain on brain stem neurons (70, 71, 72, 75)  as well as human 

monocytes (69).   Stimulation due to Eph binding to ephrin known as reverse signaling is 

accompanied by ERK phosphorylation (76). The reverse signaling including the ERK pathway 

may be speculated to be also activated by binding of NiV G in its tetrameric form to ephrin B. 

While the binding domain of NiV G is required for binding to both cellular receptors (68), it is 

the stalk region of NiV G that possess the receptor activation site that will enable the F protein to 

initiate fusion (77, 78).  The NiV G globular head is vital in preventing F protein triggering by 

the G stalk domain. Only upon attachment of the G globular head to the cellular receptor will the 

G stalk domain trigger the F protein (79, 80). In contrast to the аttаchment glycoproteins of other 

pаrаmyxoviruses, NiV G lacks both hemаgglutinin and neuraminidase activities (81, 82). 

 The fusion (F) proteins of NiV are type I trаnsmembrаne protein composed of 546 amino 

acids. The F glycoprotein is required for fusion of the viral envelope with cell membrane and cell 

to cell fusion. Fusion is pH-independent process in viral entry (83).  To promote fusion, the F 

protein precursor (F0) must be proteolytically cleaved into 2 subunits (F1 and F2) by specific 

enodosomal cellular proteases known as cathepsins thereby releasing the fusion peptide of the F1 

subunit (83- 86).  The F1 subunit protein structure is comprised of N-terminal hydrophobic 

peptide domain, two heptad repeat domains, a transmembrane domain and cytoplasmic tail (87).  

In polarized epithelial cells, the cytoplasmic domain of the F tail region and the transmembrane 
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domain require specific tyrosine residues to become functional to increase fusion activity and 

trafficking of F protein (88, 89).  The proteolytic process takes place during F transport in early 

endosomes indicated by early endosomal antigen 1 (EEA-1), Rab4, and Rab11, and recycling 

endosomes while NiV F trafficking is through late endosomal compartments (90).  A 

functionally mature F protein is transported back to the plasma membrane, and can be triggered 

to initiate rearrangement of heptad repeat domains of the F1 subunit (91).  The triggering of F 

protein to form the six- helix bundle will only take place when the NiV G undergoes 

conformational changes to expose the C terminal stalk domain of G (79). Once triggered, the F 

fusion peptide is exposed and inserted into the cell membrane to form a pre-hairpin intermediate 

to initiate conformation changes to form a six-helix bundle to mediate membrane fusion (91). 

Data does suggest that greater levels of F triggering occur via NiV G binding to ephrin B2 than 

with ephrin B3 in turn resulting in faster membrane fusion (92).   

 The L protein is the largest viral protein of pаrаmyxoviruses; the L gene is the last to be 

transcribed as it is the most distal in transcription located at the 5’ end of the NiV genome.  As 

result the L protein is produced at low levels in NiV infected cells (40).  The NiV L protein 

forms a complex with P protein required for polymerase activity with N:RNA templates (45). 

The L protein functions include initiation, elongation and termination in both mRNA 

transcription (capping, methylation, and polyаdenylаtion of mRNA) and in genome replication 

(45, 93). However, it is suggested to be more important for maintaining the overall polymerase 

complex structure rather than for its catalytic activity (48). 

1.6 Nipah non-structural proteins- physical characterization and function  

  The P gene of henipаviruses encodes three non-structural proteins (C, V, and W) in 

addition to the P protein. Co-transcriptional RNA editing of the P gene produces V and W 



 13 

proteins by inserting one additional G in mRNA coding for V and two extra G into the mRNA 

coding for W (Fig. 3B)  (45, 52). High frequency of RNA editing of the P gene was observed in 

all NiV strains (Malaysian or Bangladesh) (94). However, the frequency of editing is lower at 

early time points of infection and increases over time (52).  The C protein is encoded by an 

internal open reading frame (ORF) that is 23 nt downstream of the trаnslаtionаl initiation site for 

the P ORF (45, 52).  All the non- structural proteins (C, V, and W) are detected in infected cells; 

however they have different cellular locations (94, 95).  In NiV infected VERO cell lines along 

with recombinant studies of the proteins, P and V are localized in the cytoplasm while W was 

found in the nucleus (51, 94, 96, 97).  A difference in the localization of W was in NiV infected 

human endothelial cell lines where W was detected only in the cytoplasm but translocated to the 

nucleus in NiV infected neuroblastoma cell lines (95). The C protein was scattered in perinuclear 

region of NiV infected VERO cell lines (94).   

 These non-structural proteins are involved in NiV life cycle by regulating replication (98, 

99) and hindering the JAK-STAT signaling pathway (96, 97, 100).  By mapping the binding 

domains of NiV V and W, it was found that the N terminal of P/V/W proteins bind to STAT1 

(Fig. 3B). The interaction with NiV P and STAT1 as observed by quantification of protein 

expression was less strong than with NiV V and W (97, 101).   The Shaw et al. (101) study also 

characterized the V nuclear export sequence (NES) that is required for its аccumulаtion in the 

cytoplasm and subsequent sequestering of STAT1 and STAT2. Conversely, W has а nuclear 

localization sequence (NLS) which enables it to act in the nucleus of the infected cells (100).  

This NLS is located in the unique region on the C terminal end of the NiV W protein (101).  The 

inhibition of IFN α and IFN γ reporter genes was demonstrated by recombinant NiV V protein.  

NiV V protein sequestered STAT 1 and 2 in large molecular weight complexes in the cytoplasm, 
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unlike other viruses that block the downstream effects of STAT signaling pathway by STAT1 

degradation (96, 102).  In NiV V expressing cells both STAT1 and STAT2 remained 

cytoplasmic even after the addition of IFN (96).   The STAT1 and STAT2 binding domain on V 

were mapped between 100-160 amino acids (100).  Mutations in the binding region of STAT1 of 

the NiV V coding sequence confirmed that this region is needed for association with STAT1 in 

porcine and human cells (103).   NiV P and W also co-localized with STAT1 with NiV W in the 

nucleus and cytoplasm whereas P protein binds to STAT1 only in the cytoplasm (97).  

 The nuclear localization of NiV W is necessary for the impairment of TLR3/TRIF 

pathway by blocking TRIF mediated activation of IRF-3 responsive promoter to initiate the 

production of IFN β (101).   NiV V proteins bind to the MDA5 helicase along with LGP2 to 

suppress RLR signaling thereby inhibiting the downstream signaling events leading to IFN β 

synthesis (104, 105).    

 The C protein of NiV was first shown to have less of an ability to inhibit the activation of 

the JAK-STAT pathway when compared to V and W proteins (106).  With the use of 

recombinant NiV with specific mutations introduced into the C protein, it was proposed that NiV 

C protein is more important for viral replication and the W protein was the primary inhibitor of 

JAK-STAT pathway (107).  A more recent study by Mathieu et al. (108) revealed an added 

function to the C protein which suggests it can also regulate cytokine balance in transfected cells.  

These data was corroborated by using reverse genetics to show that the C mutant NiV induces 

early and heightened induction of IFN β and antiviral gene expression (109).   However, NiV C 

also exhibits inhibitory activity against TRL7/9 dependent IFNα induction by binding to IKKs 

and inhibiting phosphorylation of IRF-7 (110).  Hence, the NiV C protein along with NiV V and 
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W proteins play important roles in early induction of pro-inflammatory cytokines and IFN 

antagonism during NiV infection.   

1.7 Overview of NiV replication cycle 

 Figure 4 describes schematically the life cycle of NiV which follows the same replication 

mechanisms as other paramyxoviruses. First, Nipah virions attach to specific host cellular 

receptors, known as ephrin B2 or ephrin B3 (70, 71, 72, 75).   Following attachment, the virus 

can enter cells either via mаcropinocytosis (111) or fusion with the plasma membrane (82, 92, 

112).  Upon receptor binding NiV G undergoes conformational changes to expose the C terminal 

stalk domain of G in turn triggering F to form the six- helix bundle and initiate membrane fusion 

(79). NiV G binding to ephrin B phosphorylates specific tyrosine kinases during virus entry in 

turn, recruiting and initiating cellular signaling pathways (76,113).  Only upon the release of the 

ribonucleocapsid into the cytoplasm can NiV replication cycle begin with the transcription of 

viral genome (82, 112).  The viral polymerase begins all 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 (45).  Incomplete processivity results in a gradient of 

mRNA synthesis that is inversely proportional to the distance of the gene from the 3’ end of the 

genome.  The GE signals direct polyadenylation and termination of each mRNA and the poly-A 

tails of the mRNA are synthesized by repeated reading of a short U stretch by the viral 

polymerase. At the end of each gene, the polymerase falls off the RNA and starts over at the next 

GS signal (45).  When the polymerase ignores these GE, it produces proteins downstream (45).  

The P gene is not monocistronic as it encodes for non-structural proteins which are synthesized 

by insertion of additional non templated G's to the reading frame to express V and W proteins 
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Figure 4 A general description of NiV replication cycle .  Nipah virus binds to 
cellular receptors ephrin B2/B3 via the G glycoprotein (A) and F protein mediates 
fusion of the viral membrane to the cell membrane for the virus to enter the cells (B).  

The viral RNP complex is released into the cytoplasm followed by primary 
transcription (C) and translation (D).  Secondary viral transcription begins with the 
negative genome generation followed by a 3’- 5’ gradient of viral mRNA from N to L. 
Complementary cRNA becomes a template for replication of more viral vRNA (E). All 

viral proteins are synthesized by ribosomes in the cytoplasm. Following translation of 
viral proteins, F and M proteins are modified post translationally and are directed to 
specific cellular locations to complete maturation. Assembly and budding follow.    
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whereas the C protein is expressed from an alternative reading  (Fig. 3B) (45, 52). In addition to 

individual viral proteins, full length progeny, negative sense RNA is also produced by the viral 

polymerase. Only when enough unassembled N protein is present, the polymerase start to 

transcribe a full length positive-sense antigenome by a similar process to transcription, with one 

exception that the mRNA transcriptional signal at each gene junctions is not recognized (45, 93). 

The genome then associates with nucleocapsids, which are formed consisting of the N and P 

proteins (114).  All viral proteins are synthesized by ribosomes in the cytoplasm.  Though, F and 

G proteins require association with the endoplasmic reticulum (ER) for transport through the 

Golgi apparatus to the cell membrane. The F protein must be proteolytical cleaved in endosome 

in order for conformational change to take place to be functional mature and is recycled back to 

the cell membrane (83, 84, 85, 90). NiV M protein mediates virus assemblage and budding of 

new virions to complete the viral replication cycle (66).  

1.8 NiV infection in humans 

 In humans, the main symptomatic signs of NiV infection are severe acute encephalitis 

and respiratory disease.  The prevalence of respiratory symptoms differs between the Bangladesh 

and India outbreaks and the Mаlаysiаn outbreak (2, 3). Only 40% of Mаlаysiаn and Singaporean 

patients reported respiratory distress, while close to 70% of Bangladesh and Indiаn patients 

reported these symptoms (2, 3, 115). A majority (90%) of cases from the 2001-2004 Bangladesh 

outbreaks had altered mental status, while only 21% of patients presented this sign during the 

Mаlаysiаn outbreak (3). From the Mаlаysiаn outbreak, it was determined that 7.5% of patients 

who had recovered from NiV infection developed relapse encephalitis, while 3.7% of patients 

who had non-encephalitic or symptomatic infection developed late-onset encephalitis. Patients 

who experienced relapsed or late-onset encephalitis had а lower mortality rate (18%) than those 
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who suffered acute Nipah encephalitis (40%) (115, 116). However, those with relapse or late-

onset encephalitis tended to have worse residual neurological deficits (61%) than those who had 

acute encephalitis (22%). These relapses of encephalitis in humans are considered to be 

recrudescent due to replication of NiV in the central nervous system (CNS) (115, 116).  To date 

it is unknown how the virus can remain in humans to cause disease after months or years post 

initial infection.  

 Nipah is detected in bronchiolar cells early in infections and is shed through 

nasopharyngeal and tracheal secretions (114, 117).  An acute infection with NiV leads to a 

systemic multi-organ vаsculitis аssociаted with endothelial cells and involving the CNS. 

Vasculitis of small blood vessels in brain and lungs is the main pathologic feature of NiV 

infection in humans (114, 118). In the vascular endothelium reports showed intense 

immunohistochemicаl staining of endothelial and multinucleated giant cells (11, 114). However, 

evidence of endothelial infection and vаsculitis was also observed in other organs, including 

lung, heart, spleen, and kidney (11,114). Multiple organ failure is attributed to NiV entering the 

bloodstream and disseminating throughout the host by either free form or binding to leukocytes 

(119). Cells like neutrophils, macrophages and lymphocytes are found in the vicinity of necrotic 

plaques in the CNS.  Viremia appears to be the main route of CNS invasion by NiV in humans 

(114).  In humans, infection of the CNS is characterized by vasculitis, thrombosis, parenchymal 

necrosis and presence of viral inclusion bodies (11, 114, 120). 

 Animal models have provided suitable models to resemble human NiV disease. There are 

several animal models for NiV infection including the IFNAR-KO mouse model (121); the 

guinea pig model (122-124); the cat model (125-127); the golden Syrian hamster model (128-

130); and the ferret model (131, 132).  Each of these small animal models share some aspects of 
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NiV infection in humans but only two animal models. African green monkeys (133) and ferret 

models (129, 130) have the closest and complete pathogenesis as observed in humans. These 

models show both severe respiratory and neurological disease along with generalized vasculitis 

as observed in human NiV infection. Currently, these two models are being used for efficacy 

testing for human vaccine studies against NiV infection (discussed in Section 1.13).  

1.9 NiV infection in pigs 

 During the initial outbreak in 1998 - 1999 in Malaysia, pig infection rate was 100% in 

affected farms but mortality rates were between 1 - 5%. The incubation period was estimated to 

be between 7-14 days (5).  The mode of transmission was suspected to be airborne or due to 

direct exposure to infected pigs. This was later supported by the detection of NiV in upper and 

lower respiratory tract (5, 134, 135).  The clinical disease and the signs varied depending on age 

of the pig. Signs of neurological and respiratory distress were more frequently observed (5).  On 

gross examination, the lungs, kidneys, and brain showed edema and congestion with petechial to 

ecchymotic hemorrhages on the serosаl surfaces. Vаsculitis and syncytial cell formations were 

observed in endothelial cells of the small blood vessels and lymphatic vessels in 

histopathological examination.  By immunohistochemistry, NiV antigen was detected in alveolar 

macrophages with infiltration of lymphocytes in both peribronchial and peribronchiolar areas; in 

addition, syncytia formation was also observed in epithelial cells of the respiratory tract (5, 

134,135).  

 In experimental pig models of NiV infections, the age of the pigs ranges between 5-9 

weeks old.  These pigs were inoculated by either subcutaneous or the oral-nasal route (125, 

136,137).  Clinical signs varied from subclinical to body temperature elevations, increased 

respiratory rates and mild cough (125, 136, 137,138).   Inoculations by subcutaneous or nasal 



 20 

route with virus doses of 5 X 10
4
 to 5 X 10

5
 pfu/pig had consistent outcomes of advanced 

neurological signs and required euthanasia in some pigs (125, 136, 137).  The proportion of pigs 

requiring euthanasia represented about 15% or more than observed in field infections (125, 136, 

137, 138). In some of the experimentally inoculated pigs, bacterial infections were suspected due 

to the appearance of whitish cloudy cerebrospinal fluid which was subsequently confirmed as 

bacterial meningitis caused by Streptococcus suis and Enterococcus faecalis (137).  

 Many of the pathological signs are similar to the ones reported in natural infection of pigs 

with NiV.  In the lung lesions, infiltrations of mononuclear cells were observed in the 

peribronchiolar and perivascular regions with vasculitis leading to interstitial pneumonia.  NiV 

antigen was detected in several different cell types; these included endothelial cells, smooth 

muscle cells of tunica media (blood vessels), macrophages, and cells of bronchiolar epithelial 

and to a lesser extent in alveolar epithelial cells (125, 134, 136, 137).  Although NiV will stain 

for antigen in endothelial cells, it is rare to observe syncytia and multicleated giant cells in pig 

specimens whereas epithelial syncytia were more readily observed (125, 134).  In the brain and 

the meninges, noticeable perivascular cuffing consists mostly of neutrophils, monocytes and 

lymphocytes (125, 134, 136, 137).  NiV antigen was detected in ependymal cells, choroid plexus 

and meninges as well as in neurons and glial cells (125, 134, 136).  As with the lung, NiV 

antigen was found in the endothelial cells of small blood vessels such as arterioles, capillaries 

and venules of CNS, smooth muscle cell of tunica media and mononuclear cells (125, 134, 136).   

With the use of experimentally NiV infected pigs, a clearer understanding was established as to 

how the virus initiates the progression of infection of the cells of the CNS.  It was observed that 

with nasal inoculations of NiV, the virus was able to gain access to the CNS via cranial nerves 

from the nasal cavity (136).  It was demonstrated that after initial replication in the oro-nasal 
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cavity, NiV has the potential of crossing blood brain barrier to gain access to the CNS (136, 

138). In addition, the nasal cavity is an important region for dissemination of virus since 

drainage into the submandibular lymph nodes from the nasal cavity would allow the virus to 

enter into the blood and/or lymphatic vessels.  

 As with natural NiV infections in pigs, the lymph nodes of experimentally infected NiV 

pigs were also affected and infected. As early as 6-7 days post inoculation (dpi) the highest viral 

load was determined in lymph nodes associated with the lungs. Pathological findings revealed 

that early post inoculation lymph nodes had notable necrosis whereas later in the infection (28 

dpi) necrotic cells were not visible but lymphoid depletion was present and affecting both the 

cortical sinusoids and germinal centres (136, 137, 138).  Immunohistochemistry analysis 

confirmed NiV antigen was present in endothelial cells of blood and lymphatic vessels, dendritic 

cells and a small percentage of lymphocytes in the lymph nodes (136, 137, 138).  Pathological 

lesions were also evident in the spleen but not in the thymus (137).  The humoral immune 

response was represented by the development of antibodies in pigs that recovered and cleared the 

virus (138).  Pigs started to develop neutralizing antibodies against NiV around 7- 10 dpi (137).  

In surviving animals neutralizing antibodies were at a high titer by 16 dpi. Although virus 

appeared to be cleared from the tissues of the infected animals by 23 dpi, low amount of NiV 

RNA was detected in submandibular and bronchial lymph nodes of three pigs and olfactory bulb 

of one animal. Despite the presence of neutralizing antibodies, virus RNA was still recovered 

(137).  NiV infected pigs possess neutralizing antibodies which demonstrates response of the 

humoral immunity and possibly the importance of CD4+ T cells upon infection. However, there 

was a delay in the development of antibodies compared to other viruses such as influenza (137), 

(139) and signs of bacterial infections normally associated with immune comprised pigs (137) 



 22 

suggesting that NiV infection in pigs may cause immune modulation of the adaptive immune 

response.  

1.10 Innate Immune Response  

 The outcome of a virus infection is a complex struggle between virus replication and the 

antiviral response of the host. The innate immunity is the initial and crucial response against 

virus infection and plays an important role in antiviral protection and activation of the adaptive 

immune response. The innate immune cells include natural killer (NK) cells, monocytes, 

dendritic cells (DC), macrophages and neutrophils (140).  The common features of all innate 

immune cells is the expression of pattern-recognition receptors that are capable of recognizing 

pathogen associated molecular patterns (PAMP) on foreign invaders of host cells (141).  Viral 

RNA is recognized inside endosomes by TLR 3 and TLR 7 triggering a cascade of signals (Fig. 

5) for the activation of IFN and pro-inflammatory genes (142).  NiV W protein can impair the 

TLR3/TRIF pathway and the initiation of production of IFN by translocation into the nucleus to 

block TRIF mediated activation of IRF-3 responsive promoter (101).  The only difference in the 

IFN induction signaling cascade is in plasmacytoid DC (pDC) where IFN genes are activated via 

IRF7 and not IRF3 (Fig. 5) (143).  NiV C and V protein exhibits inhibitory activity against TRL 

7 dependent IFN α induction potentially in pDC by binding to IKKs and inhibiting 

phosphorylation of IRF7 (110, 144).  Activation of TRL 4 activation also recruits both TRIF and 

MyD88 as shown in Figure 5 leading to signaling through both MyD88-dependent pathways 

utilized by TLR 7 and the MyD88 independent pathway shared with TLR 3 to induce IFN and 

pro-inflammatory cytokines (145). Currently, there is no evidence that NiV proteins have the 

ability to initiate or inhibit TLR 4 activation.  
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Figure 5 Signaling cascade following TLR4, TLR3, and TLR7 activation with envelope 
glycoprotein, ssRNA and dsRNA respectively.  MyD88 and TRIF are the adaptor proteins for 
the TLRs to initiate the different pathways for the activation of IRF3, IRF7 (pDC only) and NF-
κB for the induction and transcription of interferon and pro-inflammatory cytokine production. 

The blue line represents: TLR3; green line: TLR7; red line: TLR4 of the respective signaling 
cascades leading to the activation of IFN gene transcription. The black line indicates the activation 
pro-inflammatory cytokine transcription as a result of TRLs activation.  Adapted from (142).  
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The cytoplasmic sensors, RIG-1 and MDA5 also initiate signaling pathways leading to 

the synthesis and release of type I IFNs and pro-inflammatory cytokines required to launch an 

antiviral inflammatory response (146-149,150).  As with other RNA viruses, NiV viral genome 

and anti-genome possess foreign motifs, 5’ triphosphates, which can be recognized by RIG-1 

(142).  Activation of RIG-1 was shown using RNA extracted from NiV and transfected into 

293T cells (151) but this work did not exclude other helicase or TRLs. However, NiV V protein 

can antagonize MDA5 ATPase activity along with LGP2 to suppress RLR signaling in turn 

induces IFN responses (105).   

Once IFN is produced and secreted from the cell, the type I IFNs bind to the IFN-α/β 

receptor on the same cell (autocrine signaling) as well as adjacent cells (paracrine signaling) 

leading to downstream signaling to create a broadly effective antiviral state (152, 153). Figure 6 

shows the signaling cascade induced by type I and II IFN (153).  Type I IFNs (α and β) share a 

common (IFNAR) receptor which is ubiquitously expressed on many different cell types (154). 

This receptor is associated with Janus family tyrosine kinases, JAK1 (Janus –activated kinase) 

and TYK2 (tyrosine kinase). These kinases phosphorylate specific tyrosine residues on the 

receptor via their Src homology 2 (SH2) domains (155). The activation of the signal transducer, 

phosphorylates the receptor-associated STAT proteins atY690 (STAT2) or Y701 (STAT1) 

leading to the formation of STAT1–STAT2 complex (156).  The heterodimerized STAT1 and 

STAT2 complex joins with a third protein, the DNA-binding subunit IRF-9, to form a 

heterotrimeric complex known as the ISGF-3 (157, 158). ISGF-3 rapidly translocates to the 

nucleus and binds to the conserved IFN-stimulated response element (ISRE) sequences on IFN-

α/β-stimulated gene (ISG) promoters inducing transcription of numerous associated antiviral 

genes (159-161). Not surprising as with other paramyxoviruses, NiV non-structural 
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Figure 6 Pathways activated by type I and II interferons .  Interferons engage 
with interferon receptors to activate JAK-signal transducer and activate STATs and 
p38 signaling pathways. The activated STATs make homodimers or heterodimers to 
induce gene by binding via interferon stimulated response elements (IRSE) or IFN 

gamma activate site (GAS) dependent promoters.  The p38 MAPK is activated via a 
different series of signaling cascade initiated by IFN and is necessary for induction 
of genes of both ISRE and GAS dependent promoters as represented by dashed blue 
glow lines. The solid blue glow line (p38) and the black dashed (ISGF3 and GAF) 

translocation into the nucleus for activation of the IRSE or GAS promoters.  
Adapted from (153).  
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 proteins counter regulate the JAK-STAT pathway. Initially in recombinant studies, NiV non- 

structural proteins were observed to co-localize with STAT1 with NiV W in the nucleus and 

cytoplasm whereas P protein would bind to STAT1 only in the cytoplasm (97).  A difference in 

the localization of W protein was observed in NiV infected human cell lines. In endothelial 

human cell lines, the W was only detected in the cytoplasm whereas in neuron cell lines it was 

also detected in the nucleus suggesting tissue-specific antagonism of the JAK-STAT pathway 

(95). It is unknown if in NiV infected cells, the W protein has also species specific as in porcine 

cells. The NiV V protein can sequester STAT 1 and 2 in large molecular weight complexes in the 

cytoplasm to disrupt the IFN induced JAK-STAT signaling pathway (96, 102). 

   The type II IFN responses (IFN-γ) are induced in a similar manner but typically in 

immune cells (T lymphocytes and NK cells). Upon binding of IFN-γ to its receptor, STAT1 is 

phosphorylated to form a homodimers of STAT1-STAT1 (162) known as the IFN gamma 

activated factor (GAF) (163). As shown in Figure 6 these complexes translocate to the nucleus 

where ISGF3 binds ISRE and GAF binds to the promoters of gamma activated sequences (GAS). 

As a result of the complex binding to GAS promoters, transcription of numerous IFN induced 

genes involved in antiviral effect response are initiated within the affected host. The inhibition of 

IFN γ reporter genes were demonstrated by recombinant NiV V protein (96, 102).  Hence, NiV 

non-structural proteins have the ability to interrupt the IFN induced JAK-STAT signaling 

pathway to counteract the host ability to evade viral infection. The role of the JAK-STAT 

pathway in NiV infected porcine animal cells or immune cells are not well characterized.  

 In addition to classical JAK-STAT pathway, MAPK pathways are also activated by IFNs 

binding to IFNAR (Fig. 6) (164, 165, 166). In particular, the p38 MAP kinase which belongs to 

the MAPK signaling pathway family is activated during treatment with IFNα or IFNβ, co-



 27 

stimulation with IFNγ and IFNα, or by the cyclic peptide of IFNα in various cell lines (164, 167, 

168, 169). In addition, enveloped viruses such as influenza virus and RSV also benefit by early 

activation of p38 MAPK pathway to augment viral endocytic uptake and entry depending on the 

levels of intensity of p38 activation (170). The sequential activation of the signaling pathways 

begins with MAPKKK to MAPKK to MAPK to MAPKAPK (MAPK activated protein kinase) 

as shown in Figure 7. All downstream kinases are activated by MAPK in the cytoplasm and are 

in the mitogen kinase (MK) family (Fig. 7) (171).  There are two other major MAPK signaling 

pathway which include ERK 1, 2 (extracellular signal regulated kinase) (172) and the JNK 1-3 

(c-Jun N-terminal kinases) (173).  The JNK 1/2 pathway is phosphorylated by specific stimuli 

and can also activate p38 MAPK pathway leading to the same biological functions (113). While, 

the ERK pathway can be activated by ligands binding to cellular receptors; virus binding to its 

cellular receptor may also begin the signaling cascade depending on the nature of the cellular 

receptor (174, 175 , 176).  Members of the Paramyxoviridae family such as measles virus (MeV) 

and respiratory syncytial virus (RSV) require both the early and late activation of ERK pathway 

for efficient replication (177, 178).  The ERK pathway is also crucial in innate immunity to 

trigger inflammation and mucus production in epithelial cells (179, 180). But more commonly, 

the activation of p38 MAPK pathway by viruses prompts the production of pro-inflammatory 

cytokines such as TNFα, IL-1β and IL-8 that can influence the immune response (181- 184). 

Extensive research of p38 MAP kinase indicates that it also plays an important role in the 

immune response by regulating respiratory burst of macrophages and neutrophils, chemotaxis, T 

cell differentiation and apoptosis by regulating IFN γ production (185, 186, 187).  Hence, the 

activation of p38 MAP kinases can mediate transcriptional regulation of ISG genes to induce  
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1.11 Activation of an antiviral state  

   

Figure 7 Three common MAPK signaling pathway cascades leading to the activation of protein 
kinases (MAPK and MAPKAPK) and transcription factors .  Depending on the stimuli, different 
MAPK pathways are activated which in turn activate kinases that can translocate into the nucleus to 
promote and regulate numerous transcription factors. Examples of transcription factors activated by 

phosphorylated MAPK (ERK, p38, and JNK) are indicated in the figure. The solid arrows – direct 
interactions, dashed arrows- cross interactions of pathways. The compound arrows - direct interaction 
of the general cascade of MAPK signaling pathway.  Adapted from 171.  
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antiviral activity and pro-inflammatory cytokine production to have an impact on the outcome of 

viral infections and the immune response. 

1.11 Activation of an antiviral state  

 Both the JAK-STAT and p38 MAPK signaling pathways can initiate the transcription of 

more than 300 IFN-α/β-stimulated genes by IFN binding to IFNAR, including genes encoding 

for oligoadenylate-synthetase (OAS), PKR (double-stranded RNA–dependent protein kinase), 

MxA (myxovirus resistance A), ISG15 and ISG56 (153, 164, 188).  These proteins elicit an 

antiviral state by inhibiting different stages of virus life cycle. The ISGs mediate an IFN-induced 

ubiquitin-like protein response referred to as ISGylation.  All components of the ISGylation 

pathway are induced by type I IFNs (189).  In contrast to studies using transient expression of 

NiV proteins, interferon signaling pathways in human HEp-2 and 293T cells were only partially 

blocked. This was demonstrated by the expression of endogenous, IFN inducible ISG 54 and 56 

genes in NiV infected cells with a MOI of 1 along with the addition of IFN (190).   

 Two other important proteins that can elicit an antiviral state have not been studied in 

NiV infected cells.  The PKR is a ubiquitously expressed serine/threonine protein kinase present 

at low levels in quiescent cells; upon activation by IFN, this kinase becomes a key mediator of 

cellular antiviral action (191, 192).  In addition to IFN, PKR activation is also triggered by 

binding of viral RNA and viral ribonucleoprotein (191, 193, 194).   The activated PKR forms a 

dimer and phosphorylates downstream eukaryotic initiation factor 2 (eIF2α) at serine 51 (195) 

thereby inactivating translation and inhibiting protein synthesis (192).  The phosphorylation of 

eIF2α not only halts the translation of viral proteins but may also lead to apoptosis which makes 

this kinase another important checkpoint against viral invasion (196, 197).   
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 The 2, 5 OAS is another antiviral enzyme activated by dsRNA which polymerizes ATP, 

generating 2’-5' oligoadenylates, which in turn, activates RNase L (cellular endoribonuclease) 

(198).  RNase L cleaves single strand RNA to inhibit translation of mRNA. This in turn stops 

protein synthesis leading to apoptosis and the limiting of viral replication (198).   

1.12 Adaptive immune response  

 The innate and adaptive immunity are linked by induction of cellular pathways to 

produce IFNs and cytokines that have an immediate impact on the host immune response (199).  

Macrophages, DC and NK cells are stimulated by IFN in turn activating and amplifying the 

adaptive T cell response (200).  Along with IFN, the activation of the p38 MAPK in both 

macrophages and DC cells plays a significant role in IL-12 production to drive naïve CD4+ T 

cells to become mature helper T cells.  In general, upon encountering a foreign antigen, naïve 

CD8+ T cells proliferate and expand into effector cells primarily in lymph nodes (201).  The 

doubling time of CD8+ T cell in vivo in response to an infectious antigen was estimated to be as 

fast as 4 hrs (202). Naïve CD4+ T cells complex with antigen presented via MHC II on APC 

followed by extensive proliferation and differentiation into specific T helper cell subsets (Th). 

The two major subsets are Th1 and Th2 which help to determine the direction of the response. 

Th1 response leads to cell mediated immunity whereas Th2 shifts the response to a humoral 

response (203). The adaptive immune response is divided into two arms:  Humoral mediated by 

B lymphocytes and cell-mediated mediated by T lymphocytes. B lymphocytes produce 

antibodies, the antibodies reduce free virus in fluid phase whereas T lymphocytes decrease the 

number of infected cells (199).   Species have similarities and differences with regards to 

adaptive immune response.   The porcine adaptive immune response has some differences to 

mouse and human host that may influence the outcome of a viral infection.  
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As with other species, porcine T cells migrate through secondary lymphoid structures 

such as tonsils, lymph nodes, spleen and Peyer’s patches and can also be circulated in lung, liver 

and the small intestine (204).  However, the porcine T cells leave the lymph node to the blood 

via high endothelial venules (HEV) as opposed to via efferent lymph ducts as seen in humans 

(204, 205).  The porcine lymph nodes are structurally different from other species because the 

cortex and follicles are found in the central region while paracortex and medulla are located in 

the periphery (206).  The cortical tissues consist of lymphoid follicles and diffuse lymphoid 

tissue. The lymphoid follicles are formed by a germinal center, consisting mainly of B and CD4+ 

lymphocytes and the diffuse lymphoid tissue is considered as a T- dependent zone. T cells found 

in the porcine lymph nodes are CD4+CD8-, CD4-CD8+ with very few γδ T cells (207, 208). In 

experimental infection of piglets with NiV, lesions in the lymph nodes were characterized by 

lymphoid depletion in cortical tissues where a large population of T cells reside; indicating NiV 

infection has an effect on lymphocyte population (136, 137).  Furthermore in pigs, the porcine 

CD4-CD8+hi are usually grouped with CD4-CD8lo group and there is twice as many CD4-

CD8+ T cells as to CD4+CD8- T cells in peripheral blood unlike in humans and mice where the 

ratio is reversed (209, 210).   Both CD4+ and CD8+ T cells population increase with age 

whereas the γδ T cells decline with age (206, 209).   This type of difference in the T cell 

population may influence the outcome of NiV infection if one subpopulation is effected by NiV 

infection in the porcine host. This knowledge offers the possibility to investigate specific 

interactions of porcine T lymphocytes with NiV and may offer why the porcine immune 

response is suspected to be modulated due to the identification of bacteria normally associated 

with immune comprised pigs (137).   
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1. 13 Vaccines and treatments for NiV infection  

 A vaccine program for both human and swine would be the best form of limiting 

infection.  The development of effective therapies for NiV infections can be divided into main 

areas: those that could be used as post exposure measures such as passive therapeutic or antiviral 

drugs and those that prevent infection such as vaccine. The primary goal of experimental NiV 

infections in pigs and small animal models is to discover an antiviral treatment and/or 

vaccination program to protect humans and livestock.   

The first post exposure attempt was with the use of ribavirin. Ribavirin was shown to be 

partially effective in humans with acute NiV encephalitis (211). However, in studies with 

hamsters, ferrets and non human primates, ribavirin or a combination of chloroquine and 

ribavirin did not prevent NiV induced mortality (132, 212, 213). Alternatively, the use of 

monoclonal (m) antibody passive transfer was also used to treat NiV infection in animal models 

(129, 214). One particular human monoclonal antibody (m102.4) showed cross reactivity against 

NiV and exhibited strong virus neutralizing properties in ferrets (131, 215).  Although, passive 

immunity can prove to be vital for post exposure to NiV, it is the prevention of NiV infection in 

humans and domestic animals that is the focus of most research work.  

 Indeed it has been demonstrated that experimental immunization of animals with live 

attenuated virus vector can elicit a protective cross-reactive neutralizing humoral response. In 

pigs, canary pox virus vaccine vector carrying genes encoding for NiV F or G induced 

neutralizing antibodies and prevented shedding during NiV challenge (138). The prevention of 

viral shedding is very important as NiV infected pigs can transmit the virus to humans (216). In 

addition, the canarypox virus vector induction of T-helper immune response against NiV (138) 

was indicated by IFN γ accenting the need for a functional adaptive immune response. Recently 
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an alternative to canary pox vaccine was also developed in pigs, Newcastle Disease virus (NDV) 

vectors expressing F or G also elicited antibody response against NiV infection (217). The 

advantage of NDV vectors is its greater ease to culture and grow to high titers in chicken eggs 

(217). Another vaccine vector shows promise of eliciting long term immunity even with pre-

existing immunity to the vaccine vector. Testing in non human primates with two MeV vaccine 

vectors that expressed G showed that antibodies against NiV are induced and the animals are 

protected even though non human primates were seropostive for MeV (218). Still, more work 

needs to done with the MeV vaccine vectors as low number non human primates were used in 

the study (218).  An ideal live attenuated vaccine is a single replication vector which was 

developed in mice; the rVSV vector expresses either NiV F or G and elicits high neutralizing 

antibodies titers (219).  A new study shows that a single injection of rVSV vaccine vector can 

provide protection against both the Malaysia and Bangladesh NiV isolates in ferrets; an animal 

model which is recognized to recapitulates NiV infections in humans (220).  Protection against 

both Malaysia and Bangladesh isolates by the same vector is important as the activation of host 

immune response genes proves to be different by the two isolates in a hamster model (221). 

 An alternative to live attenuated vaccine vectors is the use of recombinant purified 

soluble (s) G preparation. The sG subunit vaccine has proven to be ideal immuogens, as it retains 

important functional and antigenic properties such as binding to virus receptor, blocking virus 

mediated membrane fusion as well as eliciting a robust polyclonal antibody response (222).  NiV 

sG preparation was evaluated as a subunit vaccine in a cat model. However, NiV sG subunit 

vaccine proved not to be completely effective as live virus was present in the brain of one cat, 

and viral RNA was present throughout the 21 day post challenge period in the brains of the 

remaining challenged animals (127). On the other hand, vaccination with HeV sG prevented NiV 
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infection in ferrets and non human primate models (223, 224).  Vaccination with HeV sG can 

protect against NiV infection and the protection persists for at least 14 months in a ferret model 

(223). The main benefit of this vaccination protocol is that it can protect from acute NiV 

infection (223).  For this reason the HeV sG vaccine was used in horses, and all vaccinated 

horses showed no clinical disease or virus shedding in the immunized horses as a result a 

licensed and commercial vaccine became available for HeV(225).  Although, the subunit vaccine 

proves to provide protection against NiV, these vaccines require repeated injections of high 

doses of sG proteins mixed with adjuvants to confer protection therefore, a single injection 

vaccine would be more advantageous.  

 Although many advances were made in recent years, at the current time there are no 

vaccine strategies or treatments for NiV infections that are available to either humans or 

domestic animals. A better understanding of the immune response to NiV would help to design 

and establish vaccination programs that would be effective for all species.  

1.14 Gap in knowledge  

The role of innate immunity and the development of adaptive immune response in NiV 

infected porcine host are poorly understood.  On the onset of this research, there was no 

published work on IFN signaling pathways or on IFN mediated antiviral state in NiV infected 

cells. The ability of NiV V protein to hinder the IFN response was shown in recombinant study 

not to be species specific (103). However, it was unknown if in NiV infected porcine cells, the 

NiV V and W proteins have similar antagonistic effects on IFN signaling pathway as observed in 

the recombinant studies (97, 100) or whether the antiviral response is completely hindered.   

In addition, there were no reports or studies regarding whether NiV can modulate the 

adaptive immune response in humans, pigs or any animal models.  In experimentally infected 
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pigs, the involvement of immune cells was proposed as viral RNA was detected in PBMC and in 

vitro work showed positive staining for NiV antigen in an unidentified subpopulation of 

lymphocytes and monocytes (137). There was also evidence of lymphocyte necrosis and 

lymphoid depletion in the lymph nodes, with confirmation of bacteria in the CSF of NiV infected 

pigs (134, 136, 137).   Consequently, this research work aimed to evaluate aspects of porcine 

immunological response to NiV by first looking at IFN signaling pathways in NiV infected 

porcine cells and the involvement of immune cells in vitro and in vivo.   

1.15 Rationale # 1 

Previous studies have shown that almost all pigs recover from NiV infection in contrast 

to humans (5).  The innate immune response is not only the first line of defense but it also plays 

an important role in controlling viral infections.  Adequate activation of the innate immune 

system is critical to initiate generation of protective adaptive immunity and to facilitate complete 

viral clearance.  Among the major groups of innate immune effectors are interferons (IFNs). 

Both IFN α/β and IFN γ bind to their respective IFN receptors to activate the STAT-1 signal 

transduction pathways leading to the expression of multiple antiviral and immune regulating 

genes. The IFN-signaling pathways leads to the induction of an antiviral state in cells targeted by 

virus, or to immune cell signaling and activation. Consequently, the interaction between virus 

replication and its control by the host cells and host immune response drives the outcome of an 

infection.  

Differences in the activation of the antiviral state or subversion of STAT1 signal 

transduction pathway may exist between human and porcine cells infected by NiV contributing 

to more favourable outcome in NiV infection in pigs. Inhibition of the JAK-STAT pathway was 

characterized by recombinant system studies in non-human primate or human cell lines (96, 



 36 

97,100). These studies proposed evasion of IFN α/β induced antiviral state by binding of viral 

proteins to STAT1 in NiV infected cells of human origin, but did not consider cells of porcine 

origin or immune cells. As STAT1 is a component also of the IFN γ signaling pathway, 

implicating that the virus may evade also immune cell signaling and activation. At the beginning 

of this thesis, it was unknown if immune cells are infected by NiV. Thus, the initial focus of the 

thesis was on porcine cells including immune type cells. Additionally, porcine cells may have an 

alternative strategy for inducing an antiviral response in which the IFN signal transduction 

pathway is not blocked, such as the p38 MAPK pathway (164, 226, 227).  There is indication 

that NiV G binding to ephrin B could activate the MAPK signaling pathways (76).  The MAPK 

signaling pathways have not been examined in NiV infected cells and may regulate the antiviral 

response in pigs. Overall, the understanding of IFN signaling pathways and induction of antiviral 

state would allow for greater insight into differences observed between the human and pig 

recovery from NiV infection. 

 1.15.1 Hypothesis #1  

IFN induced signaling pathways are not completely inhibited by NiV in infected porcine cells 

enabling an antiviral state to be established.  

 Objectives of aim #1 

1. To determine if NiV non-structural protein (V and W) efficently interact with the STAT1 

proteins in NiV infected porcine cell types.  

2. To determine if an antiviral state is activated in the selected human and porcine cell lines 

and if a difference exits between the cells during the course of NiV infection.  
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3. To determine if alternative pathway to JAK-STAT pathway can be activated; such as 

MAPK signaling pathways during the course of NiV replication in a cell type dependent 

manner. 

1.16 Rationale # 2 

Porcine lymphocytes expressing markers CD4 or CD8 alone or CD4 and CD8 together 

are important in viral clearance by secreting IFN-γ, and in turn also need functional activation of 

the STAT-1 signal transduction pathway. The subversion of STAT 1 signal transduction pathway 

was indicated in NiV infected porcine monocytic like cells. However, it is not known if NiV 

replicates in porcine immune cells in vivo thus affecting the adaptive immune response. First 

immune cells maybe infected,  ince in vitro analysis of porcine PBMC on flow cytometry 

showed positive staining for NiV antigen in monocytes and subpopulation of lymphocytes (137).   

Furthermore, cell associated viremia may be the main mode of dissemination of NiV throughout 

the host, including swine (114,125,136). Additional hints about the involvement of immune cells 

come from NiV experimentally infected pigs where neutralizing antibodies develop later than in 

other porcine virus infections such as influenza (137, 139).  It was also observed that despite the 

presence of neutralizing antibodies, virus RNA was still recovered (137).  Last, the identification 

of bacteria normally associated with immune compromised pigs was identified (137).  In pigs,  

there is twice as many CD4-CD8+ T cells as to CD4+CD8- T cells in peripheral blood unlike in 

humans where the ratio is reversed (209, 228).  Hence, immune modulation may be more 

adversely affected if for example the  CD8+ T cell population is compromised by NiV infection. 

For that reason, it is suspected that cell associated viremic spread of NiV in porcine host may be 

due the permissibility of individual subpopulations of PBMC to the virus, that has additional 

effects on the cells of immune system present in peripheral blood of the porcine host.  
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 1.16.1 Hypothesis # 2    

 Nipah virus infects porcine immune cells and affects population frequency of PBMC.  

 Objectives of aims #2 

1. To determine the permissiveness of porcine immune cells to Nipah virus in vitro.  
 

2. To determine if a subpopulation frequency of PBMC is affected in vivo during the 

acute stage post infection (up to 7 dpi).   
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2.0 Materials and Methods 

2.1 Viruses  

Nipah virus was re-isolated from a pig experimentally infected with human isolate 

(kindly provided by T. Ksiazek and P. Rollin, CDC, Atlanta) at NCFAD and subsequently was 

used for pig inoculations. The in vitro work was done in parallel with both, the NCFAD swine 

isolate and the CDC human isolate (passage 5 in Vero 76 cells).  Nipah virus was inactivated by 

gamma irradiation using 5 MRADs. 

2.2 Preparation of viral stocks 

Nipah virus stocks for were grown in Vero76 cells infected at a multiplicity of infection 

(MOI) of 0.1.  For infection, virus was added to 5ml of DMEM with no supplements.  After 1 

hour of incubation, at 37
o
C, 5% CO2, 5ml of DMEM containing 4% FBS (2% final FBS 

concentration) was added to the T75 flask (Costar, Corning Inc. Corning, NY).  These cells were 

then incubated for 2 days at 37
o
C, 5% CO2 when cytopathic effect (CPE) was observed. The 

virus was harvested by removing the supernatant and centrifuging at 2000 g for 20 mins. The 

clarified supernatant was aliquoted and frozen at -70
o
C before virus titration by plaque assay. 

2.3 Cell lines  

 ST cells (swine testis, fibroblast) and  Vero 76 cells (African green monkey, kidney 

epithelial) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Wisent, Inc., St. 

Bruno, QC, CA), supplemented with 10% fetal bovine serum (FBS) (Wisent).  MRC5 cells 

(human lung, fibroblast) were cultured in Eagle’s minimal essential medium (EMEM) 

supplemented with 10% FBS (Wisent) and 1% non-essential amino acid (Sigma-Aldrich).   

IPAM (immortalized porcine alveolar macrophage) cells 3D4/31 (232) were cultured in RPMI 



 40 

1640 with L-glutamine (Wisent), 10% FBS, 1% non-essential amino acid (Sigma-Aldrich) and 

100 IU penicillin/100 mg/ml streptomycin (Sigma-Aldrich) in a humidified incubator at 37
o
 C, 

5% CO2. 

For subculture, the culture medium was removed and replaced with 0.05% trypsin 

(Sigma-Aldrich) and left to incubate at 37
o
 C, 5% CO2 for approximately 1-10 min depending on 

the cell line. The cells were visualised using an inverted microscope to confirm cell detachment 

from the flask surface. The cells were resuspended in culture media (containing FBS) and diluted 

to desired concentration depending on the flask or plate size. 

2.4 Virus plaque assay 

NiV titers were determined on Vero76 cells, and on all individual porcine and human cell 

lines used in the experiments to assure that the MOI was equal.  Confluent (100%) cells prepared 

in 12 well plates (Costar) were washed, and 400μl of serial diluted virus (10
-1

 to 10
-7

) in DMEM 

were added to the wells in duplicates. Cell controls had only media and no virus added to a well 

of each plate.  Inoculum was removed after one hour incubation and 1.5ml of overlay was added 

to the cells; DMEM was supplemented with 2% FBS and 1.75% carboxymethylcellulose (CMC) 

(Sigma-Aldrich, Ottawa, ON, CA).  Cells were then incubated at 37
o
C, 5% CO2 for 2 days. After  

incubation period, the overlay was removed then the cells were washed, and fixed for 30 min to 

1 hour at room temperature by the addition of 10% PBS buffered formalin (Fisher Scientific, 

Ottawa, ON, CA), which contained 4% paraformaldehyde. The fixed cells were washed and 

stained with crystal violet (0.5% w/v crystal violet in 80% methanol in PBS). The titer of the 

virus was determined as plaque forming units per ml (PFU/ml).  

2.5 Antibodies  

See Appendix 6.1 for a list of primary and secondary antibodies used.   
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2.6 Immunofluorescence  

2.6.1 Co-localization by confocal microscopy 

 Cells were seeded onto glass slides for IFAs.  The ST and MRC5 cells were infected with 

NiV at a MOI of 0.1 while IPAM cells were infected at an MOI of 1.  Mock inoculated controls 

were handled in a similar manner to infected cells.   

 After 24 or 48 hours post infection of cells, slides were fixed in 10% formalin containing 

1% Triton X-100 for 1 hour at 37
o
C.  Slides were then immersed in 1:1 methanol: acetone for 10 

minutes at -20
o
C.  Blocking buffer (1% normal goat serum in PBS) was added after removal of 

methanol: acetone and incubated for 30 minutes at room temperature or at 4
o
C overnight.  

Proteins were labeled with respective primary antibodies: rabbit or mouse monoclonal STAT-1 

(Santa Cruz Biotechnology, Santa Cruz, CA) (1:500),  mouse monoclonal NiV-P58 (1:100) 

generated at NCFAD, rabbit polyclonal NiV- P, V, W (1:100) kindly provided by Dr. C. Kai, U. 

of Tokyo by diluting the antibodies in blocking buffer and adding antibodies directly to slides.  

Secondary antibodies anti- rabbit or anti-mouse conjugates with Alexa Fluor- 488 or 594 

(Molecular Probes, Invitrogen, Burlington, ON, CA) were diluted in blocking buffer (1:1000) 

and added to the slides. Washing between primary and secondary antibodies was carried out 

using PBS-Tween (0.1%) three times for 10 minutes.  Slides were counterstained with antifade 

(Molecular Probes) and sealed with coverslips and visualized using an Olympus Fluoview 

FV300/500/1000c confocal microscope. 

2.7 Cell viability by trypan blue exclusion   

The Neubauer haemocytometer slide was used to determine the number of cells in a 

defined volume. The number of live (clear) and dead (blue) cells was determined by counting the 
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four corners of the grid and cell yield was calculated. Percent viable cells = [(number of live cells 

– number of dead cells)/ total number of cells] X 100  

2.8 Cell toxicity and viability assay  

 Potential toxic effects of inhibitors were assayed using the LIVE/DEAD ® Cell Vitality 

Assay kit (Invitrogen).  This kit distinguishes metabolically active cells from injured cells and 

dead cells. The assay is based on the reduction of C12-resazurin to red-fluorescent C12-resorufin 

in metabolically active cells and the uptake of the cell-impermeant, green-fluorescent nucleic 

acid stain, SYTOX® Green dye, in cells with compromised plasma membranes (usually late 

apoptotic and necrotic cells).  DMSO 0.01% (vol/vol) or inhibitor was added to each of the 

media for their respective cell lines (ST, MRC5, and IPAM).  After incubation with DMSO or 

inhibitor for 6, 12, 24, 48, 72 hr at 37°C 5% (vol/vol) CO2, the cells were washed with D-PBS. 

The cells were detached as described in section 2.3. Once the cells were detached, respective 

media was used to dilute the cells to 1 X 10
6
 cell/mL for each concentration of inhibitor and time 

point. A working solution of AM consisting of 2µl of 50 µM calecein and 4 µl of the 2 mM 

ethidium homodimer-1 stock was added to each milliliter of cells. The cells were mixed gently 

by tapping after addition of AM followed by an incubation period of 20 min at room 

temperature, protected from light.  Within 1-2 hours after the incubation period, the cells were 

analyzed by FC500 flow cytometry (Beckman Coulter). The cells were gated to exclude debris.  

The population was separated into two groups: live cells and dead cells.  

2.9 Inhibition of p38 MAPK and ERK signaling pathways 

 Confluent cell monolayer in 6 well plates (Corning Inc.) was washed with PBS. Inhibitor 

were diluted in respective media (supplemented with 5% FBS) to the final concentration of 

25µM or 50µM of SB202190 p38 MAPK inhibitor (Calbiochem, New England Biolabs Ltd. 
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Pickering, ON, CA) or 1, 10, 20 µM of FR180204 ERK1/2 kinase inhibitor (Sigma). Control for 

DMSO was included in each plate. The DMSO was diluted to the same concentration as final 

concentration of the inhibitors. The inhibitors and DMSO control were incubated at 37°C with 

5% (vol/vol) CO2 for 1 hour. Prior to NiV inoculation, the cells were washed with PBS and then 

the cells were inoculated with NiV. After one hour adsorption period, the inoculum was replaced 

with media with inhibitor or DMSO at the indicated concentrations for the remainder of the 

infection. At different time points (15 mins, 30 mins, 1 hr and 3, 6, 12, 24 and 48 hrs), the culture 

supernatant and cell lysate was collected.  The virus concentration was measured as described in 

section 2.4 and quantified as pfu/ml.  To quantify the viral proteins, whole cell lysates were 

analyzed by western blot as in section 2.9 and densities of NiV-P (1:1000) were observed in 

terms of relative density to ß-actin (1:1000) (Cell Signaling) described in section 2.11.   

2.10 Whole cell lysate preparations  

 Confluent cell monolayers in 6 well plates (Corning Inc.) were washed with PBS and 

either mock infected or infected with NiV. MRC5, ST and IPAM cell lines were inoculated with 

NiV at an MOI of 1.  For all the cell lines after a one hour post-adsorption the inoculum was 

removed and replaced with respective media. Mock inoculated cell lines served as negative 

control. As a positive control for eIF2α phosphorylation, 10 nM thiapsigargin (Calbiochem) was 

added to respective media and incubated 1 hour at 37C with 5% (vol/vol) CO2.  

Whole-cell lysate extracts from the cell lines at various time points after NiV or mock 

inoculation were prepared as follows: the media was removed from the cell cultures; the cells 

were washed with 1X PBS; washed cells were lysed by adding 100 μl of 1% SDS (Gibco) 

sample buffer containing HALT proteinase and phosphatase inhibitor (Fisher Scientific) per 

well. Immediately the cells were scraped off the plate and the extracts were transferred to a tube; 
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mixed thoroughly by vortex and centrifuged at 1,300 g for 5 min at 4C. Each sample was heated 

at 95-100C for 8 minutes; cooled on ice and stored at -70C. After removal from BSL 4 and 

prior to protein quantification, the samples were heated for an additional 2 min at 95-100C; 

cooled and microcentrifuged for 5 minutes. The total protein concentrations in the whole cell 

lysates were determined using a Pierce BCA protein assay kit (Fisher Scientific).  

2.11 Total protein BCA microassay  

 The protein concentration of samples was measured using the bicinchoninic acid protein 

(BCA) assay according to the manufacturer's instructions (Pierce). Briefly, BSA standards were 

prepared by diluting samples of working range of 1500, 1000, 750, 500, 250, 125, 25 µg/mL and 

a blank. A 96 well plate was loaded with: 25 µl of each protein lysate sample diluted to 1/10 

concentration, 25 µl of each BSA standard and 25 blank per well. All of the samples were added 

to separate wells in triplicate and 200 µl BCA reagent (50: 1 dilution of BCA reagents A: B) was 

added to each well. A 96 well plate was incubated at 37C for 30 min, cooled to room 

temperature (RT) and the absorbance was read at a wavelength of 560nm. The protein 

concentration of unknown samples was determined from the BSA standard curve. 

2.12 Western blots  

 To each gel used for western blots both SeaBlue Protein ladder (Invitrogen) and 

biotinylated protein ladder with anti- biotin, HRP linked antibody ladder (Cell Signaling) were 

loaded at recommended concentrations. The whole-cell lysate extracts prepared as described 

above were diluted in a loading sample buffer 62.5 mM Tris-HCl (pH 6.8 at 25C), 2% w/v SDS, 

10% glycerol,0.01% w/v bromophenol blue and 1.25 M dithiothreitol (Cell Signaling).  Equal 

amount of total protein (12 µg) of each extract was resolved by electrophoresis in a NuPAGE 4-
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12% 1.0 mm Bis-Tris gel (Invitrogen) and ran with MOPS SDS buffer (Invitrogen) at 150V.  

Gels were transferred using the iBlot7 Transfer Stack, Regular (Nitrocellulose) on the iBlot Gel 

Transfer Device (Invitrogen). The recommended P3 program (20 V for 7 min) was used for all 

transfers. The membranes were blocked for 2 hrs at room temperature in blocking buffer TBST 

(20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween 20) containing 5% w/v skim milk 

(Fisher Scientific) to prevent non-specific binding and then incubated with specific primary 

monoclonal antibodies (Cell Signaling) rabbit raised against total eIF2α (1:1000) and 

phosphorylated eIF2α (1:1000), total ERK (1:1000) and phosphorylated ERK (1:1000), total p38 

(1:1000) and phosphorylated p38 (1:1000), mouse monoclonal or rabbit polyclonal  NiV- P 

(1:1000), mouse monoclonal N (1:1000) diluted in 5% w/v BSA, 1X TBS, 0.1% Tween-20 at 

4C with gentle shaking, overnight.  The membranes were washed three times with TBST buffer 

and then incubated for 1 hr at room temperature with HRP-conjugated secondary antibodies 

diluted in blocking buffer (1:5000) (affinity purified Ab peroxidase labeled goat anti rabbit IgG 

(H&L)( KPL, Mandel Scientific, Guelph, ON, CA). Protein bands were detected using enhanced 

chemiluminescence (ECL) reagents (Amersham Biosciences, GE healthcare Life Sciences, Baire 

d'Urfe, QC, CA) according to the instructions of the manufacturer.  When reprobing was 

required, membranes were stripped in Re-Blot plus mild solution (Millipore, Cedarlane, 

Burlington, ON, CA) as per manufacture instructions. The ratios of phosphorylated (p-eIF2α)/ 

total eIF2α,  (p-ERK) / total ERK, (p-p38)/ total p38 were compared by densitometry of 

corresponding bands using a computer densitometer with the Wright Cell Imaging Facility 

(WCIF) version of the ImageJ software package 

(http://www.uhnresearch.ca/facilities/wcif/imagej/).  
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2.13 Peripheral blood mononuclear cells (PBMC) 

 For the in vitro studies, PBMC were harvested into cell preparation tubes (CPT) (Becton 

Dickinson, Oakville, ON, CA) from six pigs (Landrace cross): four pigs in the age group of 10-

15 weeks, and two pigs at 40 weeks old.  The CPT tubes were centrifuged at 1800 g for 20 

minutes.  After centrifugation, the PBMC were collected into a 50 ml conical tube.  The 50 ml 

conical tubes were filled with PBS and mixed gently by inversion.  The cells were pelleted by 

centrifugation at 300 g for 15 min.  The supernatant was discarded and the conical tube was 

filled again with PBS and centrifuged at 300 g for 10 min.  The PBMC were resuspended in 

RPMI 10 % FBS, 10 mM HEPES (Winsent) and 100 IU penicillin/100 mg/ml streptomycin 

(Wisent).  

2.14 PBMC lymphocyte separation 

 Monocytes were allowed to adhere overnight at 37 C in a 5% CO2 incubator. The non-

adherent cells were removed by light washing with PBS and centrifuged at 300 g for 10 min to 

pellet the cells. Non-adherent cells were used for positive selection of T, NK and B cells on the 

basis of CD6+, CD16+, and CD21+ expression, respectively (Fig. 8A). Cells were labeled with 

mouse monoclonal anti-human CD21+ (1:100) (IgG1, AbD SeroTec, Raleigh, NC), mouse 

monoclonal anti- porcine CD16+ (1:100) (IgG1,AbD SeroTec) and CD6+ (1:100) (IgG2a,AbD 

Sero Tec) antibodies and separated using paramagnetic microbeads coupled with rat anti-mouse 

IgG2a/b or goat anti-mouse IgG1 (Miltenyi Biotech, Auburn, CA). The PMBC were diluted to 

approximately 10
8
 cells/ml in MACS buffer (phosphate buffered saline, 1% bovine serum 

albumin (BSA), 0.09% sodium azide), 20 µl of the respective paramagnetic beads were added 

and incubated on ice for 1 hour. During the incubation period, 3 ml of MACS buffer was added 3 

times to the LS columns (Miltenyi Biotech) and allowed to flow by drop wise in 15 mL in order 
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equilibrate the column before adding the sample with the paramagnetic beads.  After the 1 hour 

incubation period, cells were filtered by pre-separation filter (Miltenyi Biotech) and loaded onto 

a ferric LS column in a magnetic field such that labeled cells were retained and unlabelled cells 

were eluted. The enriched cells were obtained by removing the magnet and eluted with MACS 

buffer at a high flow rate. After elution, the enriched cells were washed twice with 5% FBS 

RPMI media by centrifugation at 300 g for 10 min, then plated onto 12 or 6 well plates.  Before 

plating the enriched cells, cell viability of the enriched cells was determined by trypan blue 

exclusion assay. The percent purity of recovered cells was determined by staining the cells with 

secondary goat anti mouse Alexa 488 IgG1 (H&L) antibodies and analyzed by flow cytometry 

(Molecular Probes, Invitrogen, Burlington, ON, CA).  

2.15 NiV infection of enriched lymphocytes or PBMC 

 The enriched lymphocytes input cell number was 10 
5 

cells/well and PBMC input cell 

number was 10
6
 cells/well.  The cells were infected with NiV at 0.1 or 1.0 MOI for 1 hr at 37C, 

5% CO2. After 1 hr, cells were washed twice by centrifugation at 300 g for 10 min. Following 

the second wash, cells were resuspended in the RPMI 2.5% FBS, plated onto 6 or 12 well plates 

in 2.5 ml or 500 µl volumes, and incubated for 48 hrs at 37C, 5% CO2. The washes after the 

adsorption period, supernatants and cells were collected for plaque titration.  

 Activation of enriched CD6+ cells was performed one hour prior to infection with 

ionomycin 430 ng/ml (Sigma-Aldrich) and phorbol 12-myristate 13-acetate (PMA) 7 ng/ml 

(Sigma-Aldrich) in RPMI media. PBMC were activated with concanavalin A (ConA) 5μg/ml 

(Sigma-Aldrich) overnight before infection with NiV.  After the adsorption period, the inoculum 

was replaced with RPMI supplemented with 2.5% FBS with ConA (PBMC) or ionomycin and  
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Figure 8 Flow chart of sorting and staining of PBMC. Sorting of cell subpopulations 

from peripheral blood mononuclear cells (PBMC) by magnetic beads coated with antibodies 
against selected markers (Fig. 8A), and staining of PBMC for CD4 and CD8 markers for 
analysis by flow cytometry (Fig. 8B). (hi) indicates high density expression of a specific 
marker, and (lo) indicates low density expression. 
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PMA (T cells).  Supernatant and cells were harvested at 24 hrs and 48 hrs and frozen at -70C. 

Supernatant and lyzed cells were plaque titrated on Vero76 cells. 

2.16 Intracellular staining for NiV antigen  

 CD6+ enriched T cells or PMBC, respectively, were stained for CD8+ or CD4+ markers 

prior to fixation as described in the above section. The cells were fixed with 100 μl of BD  

Cytofix/Cytoperm solution (BD Pharmigen) for 30 min at 4C, washed twice with BD 

Perm/Wash buffer, followed by addition of either 1:50 diluted mouse monoclonal anti-N 

antibody or 1:100 diluted guinea-pig polyclonal NiV antiserum. After incubation on ice for 30 

min, secondary antibody was added. Both anti- mouse Alexa 488 IgG and anti-guinea pig Alexa 

IgG 594 were diluted 1:1000 and incubated with the cells in dark at 4C for 30 min, washed 

twice with BD Perm/Wash. The cells were fixed in 4% formaldehyde for 24 hrs in order to 

remove them from the BSL4, and resuspended in 500 μl of MACS buffer for flow cytometry 

analysis. All samples were analyzed on a two laser FC500 flow cytometer (Beckman Coulter). 

2.17 RNA extraction 

PMBC or enriched lymphocytes were pelleted by centrifugation at 300 g for 10 min in a 

1.5 mL centrifuge tube. The pelleted cells were stored at -70
o
C until all the samples for each 

experiment were collected in order to dunk out the cells out of the BSL4 at the same time.    Prior 

to removing the cells out of BSL4, 750 µl of TriPure Isolation Reagent (Roche Diagnostics 

Corporation, Indianapolis, IN) was added. This reagent is very effective at inhibiting RNase 

activity, which is highly beneficial, considering RNA, is generally unstable and can degrade 

readily.  The cells were lyzed by pipetting the cells in the TriPure solution and then removed out 

of BSL4.  As soon as possible, 250 µl of chloroform was added to each sample. The samples 

were shaken vigorously by hand for 15 seconds followed by an incubation period at RT for 20 
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min. In order to separate the solution into three phases, the samples were centrifuged at 12,000 g 

for 15 min at 4
o
C.  The resulting mixture separates into three phases: 1) an upper aqueous phase 

containing RNA, 2) an interphase containing DNA and 3) an organic phase containing proteins. 

After centrifugation, the colourless upper aqueous phase was collected into a new 1.5 mL tube. 

To the aqueous phase, 500 µl of isopropanol was added.  Invert the tube several times and 

incubated for 10 min at RT to precipitate the RNA. After the incubation, the tubes were 

centrifuged at 12,000 g for 10 min at 4
o
C and the supernatants were discarded. To the RNA 

pellet, 500 µl of 75% ethanol was added. The RNA pellet was washed in the 75% ethanol 

followed by centrifugation at 7500 g for 5 min at 4
o
C.  The supernatant was discarded and the 

RNA pellet was air dried for 5 min. The RNA pellet was resuspended in RNase free water 

(Ambion) and frozen at -70
o
C or used for reverse transcription immediately. 

2.18 Ephrin B2 RT-PCR 

 Total cellular RNA was isolated by TriPure Isolation Reagent (Roche Diagnostics Corp.) 

as described in the previous section. The extracted RNA was incubated for 10 min at 65
o
C prior 

to DNAse treatment. Following the incubation 1µl of Turbo DNA Free DNAse (Ambion, Austin, 

TX) was added and gently mixed in a final total volume of 50 µl. The mixture was incubated at 

37
o
C for 30 min then 5µl of DNAse inactivation reagent was added. The inactivation reagent 

was incubated for 5 min at room temperature with occasional flicking of the tube.  After 

inactivation the RNA was centrifuged at 10,000 g for 5 min and the supernatant was collected 

and placed in a new tube. The DNase treated RNA concentration was determined using 260/280 

nm light absorbance ratio (N-D spectrometer Nano Drop Technologies). Reverse transcription 

was performed using Superscript II kit (Invitrogen). A total of 6 μl mRNA was added to each RT 

reaction and incubated for 45 min at 50
o
C followed by 72

o
C for 15 min. Two microliters of 
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cDNA were added to Hotstart PCR mix (Qiagen, Mississauga, ON, CA) which included 10 μM 

of forward and reverse Ephrin B2 primers.  A total 25 µl reaction was incubated for 15 min at 

95
o
C followed by 35 cycles of (95

o
C-30 sec, 55

o
C- 45 sec, 72

o
C-30 sec) and extension period of 

10 min for 72
o
C. PCR fragments were run on 1.5 % agarose gels with a 1kp ladder (Invitrogen). 

Forward (ACCAGGCATAATGAGCCAAC) and reverse (CCTCAGCGGATGATAATGT 

Ephrin B2 primers were designed based on published porcine sequence (Accession 

NM0001114286 and EF682141.1) by using Primer 3 Input 4.0 software.  

2.19 Optimization of real time RT-PCR for mRNA cytokine expression 

2.19.1 Design of control plasmid for semi-quantification RT-PCR 

Primers included the entire sequence of the selected cytokine and housekeeping gene 

(Section 2.17.3) and were designed to be used for real time mRNA cytokine expression RT-PCR 

described in the section below.  RNA was extracted from IPAM cells induced with ionomycin 

and PMA.  Prior to DNAse treatment, RNA was incubated at 65
o
C for 10 minutes then Turbo 

DNA Free DNAse (Ambion) was added as described in section (2.16). The RNA concentration 

was determined using 260/280 nm light absorbance ratio (N-D spectrometer Nano Drop 

Technologies). Reverse transcription was performed using Superscript II kit (Invitrogen). A total 

of 6 μl mRNA was added to each RT reaction and incubated for 45 min at 50
o
C followed by 

72
o
C for 15 min. Two microliters of cDNA were added to Hotstart PCR mix (Qiagen) which 

included 100 μM of forward and reverse cytokine cloning primers. A total 25 µl reaction was 

incubated for 15 min at 95
o
C followed by 35 cycles of (95

o
C -30 sec, 60

o
C -45 sec, 72

o
C-1 min) 

and extension period of 10 min for 72
o
C. PCR fragments were run on 1.5 % agarose gels with a 

1kp ladder (Invitrogen).  
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 The PCR fragments were excised from the gel and cleaned by Wizard SV gel (Promega).  

For each 1 µg of agarose gel, 1µl of membrane bind solution was added. This mixture was added 

to the column and the column was placed in 1.5 ml tube. Incubated for 1 min then spun at full 

speed for 1 minute.  Next, 750 µl of membrane wash was added and spun at full speed for 1 min, 

followed by 500 µl of membrane wash and spun for 5 minutes. A new tube was placed under the 

column and 50 µl of RNAse water (Ambion) was added to the column, incubated for 1 min and 

spun at full speed for 1 min in a microcentrifuge (Beckman). The eluted cleaned PCR fragments 

were cloned into pGEM T easy vector system (Promega). 

2.19.2 Cloning of PCR fragments  

   The ligation mixture was set up by adding in 10 µl of 2X rapid ligation buffer, 50 ng 

vector, T4 DNA ligase 3 Units/µl and 3:1 insert: vector ratio and incubated O/N at 4
o
C.  Ligation 

mix (a total of 5µl) was transformed into competent JM 109 E.coli cells (Promega) by heat 

shocking the cells at 42
o
C for 45-50 seconds and cooled on ice for 2 minutes. To each tube, 950 

µl of RT super optimal broth (SOC) media was added and incubated at 37
o
C with shaking for 1.5 

hour.  The 100 µl of the transformed cells were plated on agar plates (ampicillin/IPTG/X-gal) 

and incubated over night at 37
o
C.  The white colonies were selected and DNA was isolated 

following protocols from QIAGEN mini prep kit (Qiagen).  The ligation products were screened 

for the correct inserts by EcoRI (NEB) restriction analysis. The digested DNA was separated on 

a 1% agarose gel. After restriction enzyme digest screening, the suspected positive clones were 

sequenced by the Sequence Core at NFCAD and the results were analyzed by Chromas and 

Vector NTI sequence analysis programs. All the cytokine plasmid controls (IFN α, IFN γ, TNF 

α, IL-8) sequences were 100% homologous to literature sources (233, 234). The housekeeping 

plasmid controls were 100% homologous to porcine cyclophilin and porcine HPRT 
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((hypoxanthine-guanine phosphoribosytransferase) sequences obtained from BLAST search 

database.   

2.19.3 Optimization of real time RT-PCR conditions  

The plasmids were diluted to the following concentration: 0.01, 0.1, 1 and 10 ng/µl.  The 

real time PCR was performed using Taqman 3100 and Quantitech SYBR green PCR kit 

(Qiagen).  Two ml of plasmid were added to a total volume of 25 μl. Primers used for 

amplification were the following: cyclophilin (TAACCCCACCGTCTTCTT/ 

TGCCATCCAACCACTCAG), IL-8 (TTCTGCAGCTCTCTGTGAGGC/ 

GGTGGAAAGGTGTGGAATGC) (233), TNF α 

(CCCCCAGAAGGAAGAGTTTC/CGGGCTTATCTGAGGTTTGA) (233), INF α 

(TCAGCTGCAATGCCATCTG/AGGGAGAGATTCTCCTCATTTGTG) (234), INF γ 

(TGGTAGCTCTGGGAAACTGAATG/ GGCTTTGCGCTGGATCTG) (234). Real time PCR 

reaction had the following conditions: 95
o
C for 15 min, followed by varying cycles of 35 – 41 

(95
o
C - 15 sec, 50 - 55

o
C- 30 sec, 72

o
C- 30 sec). Dissociation curve and controls were added to 

each reaction. All the primer sets were tested at 100, 200, 300 nM for the each set of PCR 

conditions.  

2.20 Real-time semi-quantitative RT-PCR for mRNA cytokine expression 

 Total cellular RNA was extracted from enriched lymphocytes by TriPure isolation 

reagent (Roche Diagnostics) method.  Reverse transcription was performed using random 

hexamer primers, and employing Quantitect RT kit (Qiagen). Ten microliters of 100 ng/μl 

samples were added to each RT reaction. After DNase treatment at 42
o
C for 4 min, RNA was 

reversing transcribed at 42
o
C for 20 min, and the reaction was terminated by 2 min incubation at 

72
o
C.  The real time PCR was performed on Taqman 3100 using Quantitech SYBR green PCR 
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kit (Qiagen).  Two microlitres of cDNA were added to a total volume of 25 μl. Real time PCR 

reaction had the following conditions for all primer sets (300 nM): 95
o
C for 15 min, followed by 

41 cycles of (95
o
C- 15 sec, 55

o
C-30 sec, 72

o
C-30 sec). Primers used for amplification are in 

section 2.17.3. Dissociation curves, negative controls and plasmid controls were added to each 

reaction. The real time RT-PCR reactions were performed in duplicates. A relative expression 

ratio of cytokine gene was calculated 2
-ΔΔCt

 according to Livak and Schmittgen (235), and using 

cyclophilin mRNA as reference. 

2.21 Detection of NiV genomic RNA 

 All cultures (PBMC, enriched T cells, enriched B cells, enriched NK cells, IPAM and 

Vero 76 cells) used in the in vitro study for NiV inoculation were verified for NiV infection by 

NiV N-gene RT-PCR.  In the in vivo study, detection of NiV RNA was from a 100 µl of 

approximately 10 
6
 cell/ml of PBMC from control and inoculated pigs. Total cellular RNA was 

isolated by TriPure isolation reagent (Roche Diagnostics) as per manufacturer's protocol. The 

RNA concentration and integrity was determined prior to the RT reaction. The first strand cDNA 

synthesis reaction was catalyzed by Superscript II reverse transcriptase (Invitrogen) with random 

hexamer primers. A total of 5 µl of RNA (200 ng/µl) was added to each RT reaction and 

incubated for 42 min at 50°C followed by 72°C for 15 min prior to amplification of target 

cDNA. RNase H was added to each reaction. Ten percent of cDNA synthesized in the first strand 

reaction was amplified on Corbett Research RotorGene RG-3000 real time system (Montreal 

Biotech Inc, Dorval, QC). The PCR reactions were performed with Quantitect RT-PCR kit 

(Qiagen), using same probe and the primers as for the NiV N-gene RT-PCR (136, 138). 

Detection of cyclophilin mRNA was used for each sample tested as described in our protocol for 

mRNA cytokine expression to allow for sample comparison. 
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2.22 Titration of antibodies for flow cytometry analysis   

  PBMC were diluted to 10
6
 cell/ml and added 1:100, 1:250, 1:500 of antibodies against 

porcine CD4 and CD8. The stained cells were incubated for ½ hour at 4
o
C. The cells were 

washed twice with MACS buffer and ran on the flow cytometry. 

2.23 Inoculation of piglets with NiV 

 In the in vivo studies, PBMC were harvested from piglets (Landrace cross) of 4 - 6 weeks 

of age. The piglets were housed in BSL4 animal facility, the animal use protocol approved by the 

Institutional Animal Care Committee (CSCHAH), complied with the Guidelines of the CACC. 

Sampling and inoculation of animals were done under inhalation anesthesia with Isoflurane 

under BSL4 conditions by personnel from the Animal Care Unit at at NCFAD. The nine piglets 

were infected intranasally with 2.5x10
5
 PFU of NiV per animal and the blood was collected from 

the cranial vena cava into CPT tubes.  The CPT tubes were transferred for further analysis under 

BSL4 conditions. 

2.24 Flow cytometry analysis of in vivo infected PBMC 

 The PBMC for the cell analysis were collected prior to the inoculation, and on days 2 - 7 

post inoculation. The blood from four control pigs was collected at the corresponding time 

points. The blood was collected in CPT tubes and PBMC were prepared as described in section 

2.13 with the following exception: instead of PBS, the cells were washed in cold MACS buffer 

and remained on ice until the antibodies were added to each sample.  

 For phenotyping lymphocytes in PBMC by flow cytometry, both single and double 

staining was employed to define different subpopulation.  The following monoclonal antibodies 

were used: anti-CD4 (1/100) (FITC or PE conjugated, IgG2bk, BD Pharmingen), anti-CD8 

(1/100) (PE conjugated IgG2ak, BD Pharmingen), and anti-CD3 (1/100) (FITC IgG2ak, BD 
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Pharmingen). Irrelevant isotype-matched antibodies were used as background controls.  The 

lymphocytes were resuspended in MACS buffer and first filtered by pre-separation filter 

(Miltenyi Biotech) followed by incubation with a mixture of two antibodies directed against the 

surface molecule of interest. All incubations were done at 4
o
C for 30 min and washed twice with 

MACS buffer at 600 g for 5 min at 4
o
C. After the final wash, all samples were kept on ice until 

4% paraformaldehyde was added. Analysis was on a two laser FC500 Flow Cytometer 

(Beckman Coulter). The data was analyzed using CXP software (Beckman Coulter).  

 Lymphocytes were first gated from PBMC by size (FSC) and granularity (SSC), and 

were further gated to distinguish lymphocytes. The number of events collected for analysis was 

10,000.   

2.5 Statistical Analysis   

  

Data analysis was performed using Graph Pad In Stat version 3.0 (GraphPad software, 

San Diego, CA). Student t-test was used for comparison between means of groups. Differences 

were considered as significant at P value < 0.05. 
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3.0 Results 
 

 To compare the ability of porcine and human cells to establish an antiviral state against 

NiV, first porcine and human cell lines were selected.  These cells needed a same type to support 

the growth of NiV and to be able to enter an antiviral state.  Initially, the SPJL cell line was 

selected (St. Jude porcine lung epithelial) as oronasal epithelium provides the first line of 

defence.  The cell line was able to support NiV growth and was used to determine the co-

localization NiV P/V/W proteins with STAT1. However, SJPL cells are more genomically 

similar to monkey cells and not of pig origin (236).  In order to substitute the SPJL cell line, the 

swine testis fibroblast (ST) cell line was selected. The ST cell line supports NiV growth and was 

readily available. Human lung fibroblasts (MRC5) cell lines were used to complement the 

porcine fibroblast cell line, although the cell lines were of different origin, both cell lines are 

fibroblasts and fulfill the criteria of supports NiV growth and have the capability to enter an 

antiviral state. In addition, human fibroblasts require an intact p38 MAPK pathway for the 

induction of IFN signaling pathway (237), hence fibroblast cell lines would function well as a 

replacement.   

 Nipah antigen was detected in monocytes (140) and monocytic cells are vital innate 

immune cells in pigs to provide early immune surveillance and bridge adaptive antiviral 

immunity (238) . The immortalized porcine alveolar macrophage cell line (IPAM) was selected 

for this study to represent monocytic like cells of the innate immunity. The use of IPAM cell line 

is more advantageous as there is no need to collect porcine blood to acquire monocytes as well as 

the cell line is a well characterized (232) and shows to support NiV growth (137). 
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 3.1 Localization of STAT-1 and NiV antigen in NiV infected and uninfected IPAM cells  

It was previously demonstrated that NiV- P,V,W protein was detected in the cytoplasm of 

porcine testis fibroblast (ST) and human lung fibroblast (MRC5) cell lines by binding to the 

common N-terminal shared by all the three proteins (Fig. 3B) (239). To confirm these findings, a 

similar assay was performed using antibodies specifically against NiV V and W binding to the 

unique C terminal of each protein (Fig. 3B) (Dr. C. Kai, U. of Tokyo).  Analysis of nuclei 

fractions (those with membrane and those without membranes) and cytoplasmic fractions from 

MRC5 and ST cells confirmed that NiV V and W proteins were only detected in the cytoplasm 

of human and porcine NiV infected fibroblast cell lines (MRC5, ST) (data not shown).  It was 

also observed by Goolia (239) and confirmed by this study that STAT1 in porcine cell line (ST) 

is present in the cytoplasm and nucleus of both IFN induced and NiV infected cells.  The human 

cell line (MRC5) showed similar results in the NiV infected cells where both the nucleus and the 

cytoplasm had STAT1 (data not shown).   

The immortalized porcine alveolar macrophage cell line (IPAM) was used to determine if 

NiV infection and IFN response may differ in an immune type cell line. Figure 9 shows the 

results from IFN α induced (b) and NiV infected (c) IPAM cells 24 hrs post infection at an MOI 

of 1. As with porcine fibroblast cell line (ST), STAT1 was observed in the cytoplasm and 

nucleus in both IFN induced and NiV infected cells.  NiV P antigen (Fig. 9D) can be observed in 

the cytoplasm of NiV infected IPAM cells at 24 hpi and the single cell figure of NiV infected 

IPAM (Fig. 9E) demonstrates that STAT1 and NiV V antigen co-localized in the cytoplasm. Co-

localization of NiV V, W, and P with STAT1 was also observed by Goolia (241) thesis work in 

NiV infected ST and MRC5 fibroblast cell lines.  Therefore there appears to be no observed  
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Figure 9 Localization of STAT1 in uninfected IPAM and infected IPAM cells with 
NiV at MOI of 1.   Infections were carried out at MOI of 1.0.  Cells were grown to 
confluence and STAT1 was detected with rabbit anti STAT1 polyclonal antibody 
(1:200) (A) for uninfected, (B) IFN induced for 24 hours (C)  NiV infected for 24 

hours and (D) infected for 24hrs stained with NiV-P58 mAB.   (E) shows the co-
localization of STAT1 and rabbit polyclonal NiV -V antibody in NIV infected IPAM 
for 24hrs. Goat anti-mouse Alexa Fluor 594 (red- detecting NiV P/V/W proteins or 
NiV-V protein) and goat anti-rabbit Alexa Fluor 488 (green- detecting STAT1) were 

used.  Co-localization of NiV proteins with STAT1 is visualized by yellow. All slides 
were prepared in duplicates and experiments were repeated twice.  Magnifications: 

IPAM (a,b) 20X  (c,d,e) 40X 
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differences between NiV infected cell types (ST fibroblast and IPAM monocytic-like) cell lines 

in the localization of STAT1 and co-localization NiV P/V/W proteins with STAT1. 

3.2   Phosphorylation of eIF2α in human and porcine cell lines inoculated with NiV 

As cells can use alternative pathways to the JAK-STAT pathway to activate an antiviral 

state, we wanted to determine if there is a difference in the intracellular status of an antiviral state 

in NiV infected human and porcine cells, even though, the JAK-STAT pathway was likely to be 

blocked, as previously reported by Rodriguez et al. (100, 102) and Shaw et al. (97) and as 

suggested by the results presented here.  The intracellular activation of an antiviral state in NiV 

infected cell lines was detected by western blot using phospho-specific antibodies against eIF2α 

(Fig. 10). The phosphorylation of eIF2α not only halts the translation of viral proteins but may 

also lead to apoptosis which makes this kinase another important check point against viral 

invasion and antiviral defence (152, 153).   

Swine testis fibroblasts (ST), human lung fibroblasts (MRC5) and immortalized porcine 

alveolar macrophage cell line (IPAM) were inoculated with NiV at an MOI of 1 and whole cell 

lysates were prepared at 6, 8, 12, 24, and 48 hrs post inoculation. The status of eIF2α 

phosphorylation was assessed in cells inoculated with live NiV and gamma irradiated NiV, mock 

infected or treated with thapsigargin. Incubation with thapsigargin for one hour served as a 

positive control for eIF2α phosphorylation. This drug treatment induced phosphorylation of 

eIF2α in all the cell lines used in this study.  To determine if virus attachment induced the 

phosphorylation of eIF2α, each cell line was inoculated with gamma irradiated NiV at an MOI of 

1.   Fig. 10A shows a graph which represents the fold in change in the levels of eIF2α 

phosphorylation to total eIF2α starting from 6 to 48 hrs post inoculation.  In NiV infected MRC5 

cells, the levels of eIF2α phosphorylation were observed from 12 hpi followed by a subsequent 
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increase at 24 to 48 hpi when compared to the mock infected cells (Fig.10B).  Whereas the swine 

testis fibroblast (ST) levels of eIF2α phosphorylation were detected as early as 6 hpi until 48 hpi. 

As with the fibroblasts, levels of eIF2α phosphorylation were observed in NiV inoculated, mock 

and chemical induced IPAM cells. In NiV infected IPAM cells, phosphorylation levels of eIF2α 

increased significantly (p< 0.05) after 8 hpi and peaked at 48 hrs post inoculation (Fig. 10A/B).  

 To determine if virus attachment to the cells would induce phosphorylation of eIF2α, 

each cell line was inoculated with gamma irradiated NiV at an MOI of 1.  Such inactivated virus 

fails to express viral proteins but retains the capability for receptor binding (240).  In both MRC5 

and ST cells inoculated with gamma irradiated NiV, the phosphorylation levels of eIF2α were 

comparable to the mock infected cells at all the different time points (Fig. 11).   

In the selected cell lines, an antiviral state was detected by the phosphorylation of eIF2α 

in NiV infected cells.  Hence, an alternative pathway other than the JAK-STAT may be 

functional in NiV infected cells.  The p38 MAPK signaling pathway was proposed to have the 

ability to lead to an antiviral state in virus infected cells.  In addition, NiV G binding to ephrin B 

may allow indirect initiating of the ERK pathway (76). Hence, the both p38 and ERK pathways 

of MAPK pathways may be important for mounting the first line of defense against viral 

infections.  



 62 

 

 

 

ST 

MRC5 

IPAM 



 63 

                            

 

 

 

                                

     

    

 

 

  

total eIF2α 

total eIF2α 



 64 

3.3 Activation of p38 MAPK signaling pathway in human and porcine cell lines inoculated 

with NiV 

  As mentioned earlier, MAPK signaling pathways are also activated by IFNs binding to 

IFNAR (164,165,166).  In particular, the p38 pathway mediates the regulation of transcription of 

ISG genes which are important for antiviral response (226, 227, 241, 242). We began to detect 

p38 phosphorylation at 1 hour post adsorption followed by 3, 6, 12, 24, and 48 hours for both 

porcine and human cell lines.  In Fig. 12A, the graph shows that the human MRC5 cell lines 

become phosphorylated as early as 1 hour post adsorption until 6 hpi at which point there was a 

significant decrease of 0.5 units (p < 0.05) in p38 MAPK phosphorylation. After 12 hpi, there 

was a gradual increase followed by a continuous and sustained phosphorylation of p38 MAPK 

until the last time point (48 hpi).  In NiV infected IPAM cell lines, the phosphorylation of p38 

MAPK was activated early post inoculation at 1 and 3 hpi but not in ST cells. After the initial 

phosphorylation in IPAM a significant decrease was observed until 12 hpi. After 12 hpi a spike 

in the phosphorylation of p38 MAPK was detected at 24 and 48 hpi in both ST and IPAM cell 

lines.  The phosphorylation levels of p38 MAPK were significantly more intense in IPAM cells 

compared to ST cells.  There is a significant (p < 0.05) difference between ST and IPAM porcine 

cell lines inoculated with NiV. At the last time points, a sustained phosphorylation of p38 MAPK 

was evident in both human and porcine cell lines.   

3.4 The effects of p38 MAPK inhibitor on NiV viral titers and NiV-P protein production in 

human and porcine cell lines  

 Since the p38 MAPK pathway is activated in NiV infected cell lines and is potentially 

used as a compensatory pathway for the establishment of an antiviral. It was also of interest to   
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determine if this pathway is required for NiV replication. For this study, the SB202190 (Sigma) 

p38 MAP kinase inhibitor was used. It is a highly selective and cell permeable inhibitor with no 

effects on JNK, ERK or other multiple related kinases at concentrations of up to 100 µM (243). 

It should be noted that all the concentrations of SB202190 used in this study showed no evidence 

of cell death in either human or porcine cell lines (data not shown) suggesting SB202190 did not 

inhibit virus replication by host cell death.   

 To determine the effect of p38 inhibitor, we first examined the expression of viral 

proteins in NiV inoculated cell lines.  All the cell lines were incubated with the two different 

concentrations of p38 inhibitor (25 and 50 µM) for 1 hour prior to NiV inoculation.  The p38 

inhibitor was removed during the 1 hour adsorption period with NiV and fresh media with p38 

inhibitor was added and remained on the cells for the duration of the incubation period.  Six 

hours post infection, the cell lysates were collected and western blots were performed using a 

NiV- P58 antibody.  There was no evidence of NiV-P expression at 6 hpi in these cell lines, 

hence western blots show as an example results starting from 12 hpi from one independent 

experiment. From the western blots it was evident that the intracellular expression NiV-P was 

reduced in a dose dependent manner in both human and porcine cell lines (Fig. 13 B, D, F).  In 

addition, we tested the expression of NiV nucleocаpsid (N) protein and the same pattern of 

reduction in N protein were observed in a dose dependent manner (data not shown).  The NiV-P 

expression in porcine cell lines appeared to be more affected by the p38 inhibitor compared to 

the human cell line.  Next, viral titers were determined by plaque assays from collected 

supernatants at 12, 24 and 48 hpi.  As shown in Fig. 13 (A, C, E) the presence of p38 inhibitor 

reduced viral progeny release in a dose dependent manner in both human and porcine cell lines.  

Compared to the NiV infected controls, once again the porcine cell lines had a greater reduction 
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of NiV viral progeny compared to human cell line, especially in IPAM cells.  

A comparison figure (Fig. 14) of viral titers (PFU/ml) in each selected cell line 

demonstrated how the concentration of p38 MAPK inhibitor affected each cell line compared to 

an average NiV replication in the cell lines used in this study.  Taken together, these results 

indicate that p38 MAPK pathway may play an important role in NiV replication, especially in 

immune cells.  

3.5 Activation of ERK 1/2 signaling pathway in human and porcine cell lines inoculated 

with NiV 

 To determine the role of MAPK signaling pathways in NiV replication, we also examined 

the kinetics of ERK activation.  The ERK pathway can be activated by ligands binding to cellular 

receptors; virus binding to its cellular receptor may also begin the signaling cascade depending 

on the nature of the cellular receptor. Nipah virions specifically bind to host cell surfaces through 

cellular receptor Ephrin B2 or B3 (70, 71, 72, 75) which may lead to activation of ERK pathway. 

Human and porcine cell lines were inoculated with NiV and cell lysates were harvested at 15 

mins, 30 mins, and at 1, 3, 6, 12, 24 and 48 hpi. The phosphorylation of ERK 1/2 was determined 

by western blots with antibodies against phosphorylated-ERK 1/2. As shown in Fig. 15, ERK 1/2 

was phosphorylated upon exposure to the virus in human fibroblasts (MRC5) and porcine 

monocytic like cells (IPAM) cell lines with the first peak detected at 15 and 30 minutes.  The 

ERK 1/2 activity returned to baseline at 1 hpi for both cell lines and returned to significantly 

(p<0.05) elevated levels of phosphorylation at 12 hpi for MRC5 and at 24 hpi for IPAM cell 

lines.  Compared to MRC5 and IPAM cells, the porcine fibroblast (ST) cells inoculated with NiV  
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Figure 15 Detection of phosphorylation of ERK 1/2 in human cell line and 
porcine cell lines inoculated with NiV. (A) Plot of fold changes in ratios of 

phosphorylated p-ERK1/2:total ERK1/2 compared by densitometry of 
corresponding bands using a computer densitometer.  The bars are black for ST, 

light grey for MRC5, and dark grey for IPAM cell line.  Both the human and 
porcine cell lines were mock inoculated (M) or infected with NiV (MOI of 1). (B) 

Whole cell lysates were prepared for the indicated times post inoculation and 
analyzed by western blot using antibodies against p-ERK 1/2 then stripped and 
reprobed with antibody specific for total ERK 1/2 .  The data are shown as the 
mean and standard deviation of duplicates from three independent experiments and 

one of the three experiments is shown as a representative. (C) Whole cell lysates 
were prepared from gamma irradiated NiV inoculated cell lines for the indicated 
times and subjected to western blot analysis with the specific p-ERK 1/2.   
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required an hour before the activated form of ERK1/2 was significantly (p<0.05) phosphorylated 

(Fig. 15A).   A gradual decrease was detected after 6 hpi followed by a second wave of 

phosphorylation at 24 hpi compared to mock infected cell lines. The phosphorylation of ERK 1/2 

did increase significantly (p<0.05) at 24 and 48 hpi compared to the mock control.  We also 

tested whether ERK 1/2 phosphorylation increased over time in mock inoculated cell lines. No 

significant increases of ERK 1/2 phosphorylation were observed over time in the mock 

inoculated controls (data not shown).  However, it should be noted that there was a higher basal 

of ERK 1/2 phosphorylation in IPAM and MRC5 cell lines compared to ST cell lines.   

 To further elucidate the mechanism of NiV mediated ERK 1/2 activation, we used 

gamma irradiated virus.  Fig. 15C shows ERK 1/2 phosphorylation was detected upon 

inoculation with gamma irradiated NiV in all cell lines although ERK 1/2 phosphorylation 

returned to basal level within an hour or less depending on the cell line.   The phosphorylation of 

ERK 1/2 did not increase over time with gamma irradiated NiV in all the cell lines.  In 

agreement with live, inoculation with gamma irradiated NiV was delayed in ST cell line.  In ST 

cells an increase of ERK phosphorylation was detected at 1 hpi as opposed to 15 min in IPAM 

and MRC5 cell lines (Fig.15C).    

3.6 The effects of ERK inhibitor on NiV viral titers and NiV-P protein production in 

porcine and human cell lines  

 To determine the potential role of ERK activation in viral replication, we selected 

FR180204, a direct inhibitor of the ERK pathway and not upstream cellular kinases such MEK1, 

since recent studies have revealed that MEK inhibition can lead to the blocking of cellular 

responses via substrates other than ERK (244).  This ERK inhibitor (FR180204) suppresses ERK 
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1/2 kinase mediated cellular responses with 30 fold greater selectivity against p38α and more 

than 100 fold greater against other kinases (MEK1, MKK4, Src and IKK α) (245).  

 All the cell lines were incubated with different concentrations of FR180204 inhibitor for 

one hour prior to inoculation with NiV.  The inhibitor was not present during adsorption of the 

virus but was added post adsorption and remained in the media for subsequent incubation 

periods.  Cell lysates and supernatants were collected at 6, 12, 24 and 48 hpi.  Western blots were 

performed on the cell lysates using NiV - P58 antibody that recognizes the viral phosphoprotein.  

As with p38 experiments, there was no evidence of NiV-P expression at 6 hpi in these cell lines, 

and western blots signals were detected starting from 12 hpi. In the western blots, the expression 

of NiV-P protein was significantly reduced by ERK inhibitor at 20 µM (Fig. 16) or higher doses 

(data not shown). There was no difference in NiV-P production in MRC5, ST or IPAM cells with 

1 and 10 µM concentrations. ST cells inoculated with NiV were more sensitive to the addition of 

the inhibitor at greater than 20 µM, with cells dying at 24 hpi compared to ST cells inoculated 

only with NiV (48 hpi). It should be noted that all the concentrations of ERK inhibitor used 

throughout this study did not induce cell death in either human or porcine cell lines without NiV 

inoculation (data not shown).  As indicated in Figure 16, the viral titers in the collected 

supernatants were determined at each time point.  In the presence of 10 µM concentration of the 

ERK inhibitor, there was no reduction of viral progeny release observed, and only at 20 µM 

concentration was a difference observed.  In ST and IPAM cells there was a log reduction in 

viral titers at 24 hpi and almost a 2 log viral titers reduction for MRC5 at 24 hrs post infection.   

However, after 48 hpi, both MRC5 (Fig.17) and IPAM cells viral titers increased significantly 

(Fig.17) but remained lower than the viral titers for NiV infection without the inhibitor.  The ST 

cells were the most significantly (p<0.05) affected by ERK inhibitor at 20 µM (Fig.17).  
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The results indicated that the inhibition of ERK 1/2 kinase at the selected concentrations 

decreased the viral titers in a cell type dependent manner as summarized in Fig 17.   

3.7 NiV infection of porcine PBMC subpopulations in vitro 

 The subversion of STAT 1 signal transduction pathway was investitaged in NiV infected 

porcine monocytic like cells. However, it is not known if NiV replicates in porcine immune cells 

in vivo thus affecting the adaptive immune response. First indication that immune cells are likely 

infected was observed by in vitro analysis of porcine PBMC on flow cytometry that showed 

positive staining for NiV antigen in monocytes and subpopulation of lymphocytes (137). In 

addition, viremia was implicated as a mode of dissemination of NiV throughout the host, 

including swine (114, 125, 136). There was also previous reported evidence of lymphocyte 

necrosis and lymphoid depletion in the lymph nodes, with confirmation of bacteria in the CSF of 

NiV infected pigs (125, 135, 137) indicating NiV infection has an effect on porcine immune 

cells.  In order to determine the role of cells in the viremic spread of the virus, and 

permissiveness of porcine immune cells to Nipah virus, the work was initiated using porcine 

PBMC. In young pigs there is a higher frequency of NK cells (246), hence this lymphocyte 

population along with B and T cells may prove to be important in NiV infected piglets in regards 

to immune modulation.  Monocytes were also included in this study as it was previously shown 

with positive staining that NiV antigen was present in this cell type (137, 247).With regard to 

porcine T lymphocytes with cytolytic activities, two subsets within the CD4-CD8+ T-cell 

subpopulation could be defined by the expression of CD6 differentiation antigens: CD6- cells 

which showed spontaneous cytolytic activity and CD6+ MHC I-restricted cytolytic T 

lymphocytes including virus-specific cytolytic T lymphocytes (247); therefore the CD6+ surface 

marker was selected to distinguish these two phenotypes. Due to constraints of working in BSL4 
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containment, selection and combinations of markers/antibodies had to be limited to maximum 

triple staining when internal staining for viral antigen was employed, and to only double staining 

for the cell surface markers. 

PBMC from non-infected pigs were separated into subpopulations prior to inoculation. 

After adhering the monocytes to a cell culture plate, the non-adherent cells were sorted using 

magnetic beads coated with antibodies against CD16 (NK cells), CD6 (T lymphocytes), or CD21 

(B lymphocytes) (Fig. 8A). The purity of NK, T, and B cells was verified by flow cytometry 

using the above markers. The T cells had the highest purity (90-95%), followed by NK cells 

(85%), whereas purity of B cells was the lowest in the range of 75-85%. Sorted cells were 

inoculated with NiV in non-stimulated state, and after stimulation with PMA combined with 

ionomycin to approximate activated immune system post infection.  

Replication of NiV in the individual subsets of cells was determined by detection of 

infectious virus particles in supernatant harvested from monocytes, NK and T lymphocytes. The 

MOI in these experiments was based on NiV infectivity in Vero 76 cells to ascertain that the 

same concentration of infectious particles was used for inoculation of all cell preparations. The 

titer of the same NiV stock can be very different when titrated on Vero 76 cells and on 

immortalized alveolar macrophages (IPAM): 4 X 10
6
 and 5 X 10

4
 pfu/ml, respectively. 

Consequently, it was expected that actual MOI can be as low as 0.001 (for example on 

monocytes).  

At 48 hrs, the highest virus yield was detected in supernatants harvested from monocytes 

(Fig. 18A).  Both the NK and CD6+ T lymphocytes had similar viral titers at approximately 

2000 PFU/ml after 48 hpi (Fig. 18A). Very low level of infectivity was recovered from the B  
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Figure 18 Replication of NiV in the individual subpopulations of PBMC. Sorted cells were 

inoculated with NiV in three independent experiments. Total of 10
5
cells per subpopulation were 

inoculated with 10
4 

PFU of NiV in a 1 ml volume. The infectivity in cell supernatants was 
determined by plaque titration on Vero 76 cells. (A) Comparison of virus yield from stimulated 

and non-stimulated PBMC subpopulations at 48 hrs post inoculation. Black filled columns 
represent mean of pfu/ml in supernatant collected from non-stimulated cells, the grey filled 
columns represent mean of pfu/ml in supernatant collected from stimulated lymphocytes or 
monocytes. (B) NiV yield in supernatants of sorted T lymphocytes (CD6+ T cells, CD3+CD4+ T 

cells and CD3+CD8+ T cells) at 24 hpi.  
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cells.  Stimulation of these sorted cells (Fig. 18A) did not significantly (p<0.05) change the virus 

yield obtained in their supernatants, and was not used in follow up experiments.  

 Next, each individual subpopulation of T lymphocytes was sorted by surface markers 

CD4 and CD8 to determine if NiV can replicate in a specific subpopulation of T lymphocytes. 

Initially, the CD6 marker was tested, but it appears that there was interference in binding 

between the anti-CD6 and the anti-CD4 or anti-CD8 antibodies. The PBMC were alternatively 

sorted using CD3 marker and CD4 or CD8 markers, as this increased the purity of the T cell 

preparations in the double antibody sorting with the resulting purity around 95%.   At 24 hrs post 

inoculation, the highest infectivity was recovered from supernatants of the CD3+CD8+ sorted T 

lymphocytes (Fig. 18B). Lower yield of virus was recovered from the CD6+ T lymphocytes and 

the CD4+ T lymphocyte.   

 Interestingly, no infectivity was recovered from monocyte supernatants at 24 hrs post 

inoculation (Fig. 19A). The finding was supported by detection of NiV genomic RNA at 

different time points post inoculation. The amount of genomic RNA dropped at 24 hrs, and then 

significantly increased at 48 hrs post infection (Fig. 19B), while genomic RNA of gamma-

irradiated NiV was gradually decreasing below detectable level by 48 hrs post exposure. Due to 

phagocytic nature of monocytes, most of the virions were likely digested or processed for 

antigen presentation, and only small number of infectious virions was able to initiate productive 

infection in these cells. 
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 Figure 19 Replication of NiV in porcine monocytes. (A)  Presence of 

genomic RNA at indicated time points post inoculation in cell lysates from 

monocytes inoculated with live NiV (solid line) or with gamma-irradiated 

NiV (dashed line). (B)  Detection of infectivity in supernatant harvested from 

monocytes at 24 and 48 hpi with NiV (gray columns), and detection of viral 

RNA in cells inoculated with live virus (solid black line) or with gamma-

irradiated NiV (black dashed line). 
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3.8 Detection of ephrin B2 mRNA in sorted PBMC 

 In the absence of an effective antibody specific for porcine ephrin B2  one of the NiV 

receptors, the detection of mRNA of ephrin B2 in sorted PBMC was used to assess whether virus 

replication could be blocked at the level of virus attachment. In uninfected and untreated, all T 

lymphocytes expressed ephrin B2 mRNA, whether they were permissive to NiV or not (Table 1). 

On the other hand, monocytes and NK lymphocytes were permissive to NiV infection in 

uninfected and untreated cells without expressing the mRNA of ephrin B2, and started to express 

the mRNA upon NiV infection. While stimulation of the B lymphocytes with NiV leads to 

ephrin B2 expression, it did not render the cells permissive to NiV.  

3.9 Intracellular staining of NiV antigen in T lymphocytes  

Infection of T cells with NiV was confirmed by internal positive staining for the NiV-N 

protein in the CD6+ sorted T cells as analyzed by flow cytometry, and in the CD3+CD8+ sorted 

cells by positive staining for the non-structural C protein (Fig. 20). It was observed that efficient 

replication of MeV (a member of Paramyxoviridae) in peripheral blood mononuclear cells 

requires the expression of the non-structural C protein (248); hence it was also hypothesized with 

NiV. As well the NiV C mRNA needs to transcribed by viral polymerase and translated during 

NiV replication cycle (Fig. 3B). NiV N antigen was detected in approximately 30% of CD6+ T 

cells at 48 hrs post inoculation at 0.1 MOI (Fig. 20C).  NiV C protein was detected in about 10% 

of the CD3+CD8+ T lymphocytes at 24 hrs post inoculation (Fig. 20B), and reached 30% at 48 

hrs (Fig. 20D). NiV C protein was not detected in NiV infected CD3+CD4+ T lymphocytes at 24 

hrs post inoculation (Fig. 20A).  The results cannot be directly correlated as viral polymerase 

begins all RNA synthesis at the 3’ end of the genome and transcribes the gene  
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Table 1  

Detection of porcine ephrin B2 mRNA in NiV infected and uninfected 
monocytes and enriched lymphocytes cells 48 hrs post inoculation.  

(+) indicates mRNA of ephrin B2 was detected (-) indicates mRNA of ephrin B2 
was undetectable  
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Figure 20 Intracellular staining for NiV nucleocapsid N or non-structural C protein in T cells. 
The cells were sorted based on the presence of CD4, CD6 or CD3CD8 markers, and infected with 
NiV at 0.1 MOI. Representative flow cytometry histograms were selected from three independent 

experiments. (A) Lack of intracellular staining for NiV non-structural C protein in CD4+ T cells at 
24 hrs post inoculation. (B) Intracellular staining for NiV C protein in CD3+CD8+ T cells at 24 hrs 
post inoculation. At 48 hrs post inoculation/infection about 30% of the CD3+CD8+ stained 
internally for the NiV C protein (D), confirmed by about 30% of CD6+ T cells stained internally for 
the NiV nucleocapsid N protein (C). 
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into mRNA sequentially thereby producing a large amount of N protein (40) compared to the C 

protein which is downstream and initiates at P gene ORF (52). Therefore, NiV infected cells 

produce substantially lower amount of C protein compared to the N protein, making the 

detection less sensitive (94).  We were able to narrow the infection of the CD6+ lymphocytes to 

CD4-CD8+ T lymphocytes by using triple staining for NiV antigen, CD8 marker, and CD4 

marker (Fig. 21).  At 24 hpi, the CD6+CD8+ stained for NiV antigen at 50% (Fig. 21A) 

compared to only 3% of CD6+CD4+ cells (Fig. 21B).  And of the 50% of the CD6+CD8+ that 

stained for NiV antigen about 90% were positive for NiV antigen (Fig. 21C).  The dot plots from 

flow cytometry analysis further indicated that CD4+CD8- cells, and CD4-CD8- cells appeared to 

be non-permissive to NiV infection.   

  It should be noted that numerous controls were used for this flow cytometry analysis to 

eliminate any false positive results. The controls included: isotypes for each surface marker with 

or without NiV antiserum, isotypes for each surface markers only with secondary antibody, and 

non-infected sorted CD6+ T cells were also stained with the same procedures as with the NiV 

infected CD6+ T cells. The non-infected CD6+ T stained with NiV polyclonal guinea pig 

antiserum and CD4/CD8 surface markers were negative for NiV antigen.  

3.10 Real time RT-PCR mRNA cytokine expression 

 Based on cell culture images, NiV infection appeared to activate the T lymphocytes. 

Generally, formation of the cell clusters is considered to be a phenotypic characteristic of 

 

 

  



 84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

NiV antigen NiV antigen 

A B 

C 

CD4 CD4 

Figure 21 NiV infected CD6+ T cells triple stained for CD4 and CD8 markers, and NiV 

antigen. Dot plot of flow cytometry analysis of NiV infected CD6+ T cells, triple stained 
with monoclonal antibodies against CD4 and CD8 markers, and NiV polyclonal guinea pig 
antiserum 24 hrs post infection. T cells gated for CD8+ and NiV antigen (A). T cells gated for 
CD4+ and NiV staining (B). Analysis of cells positively stained for CD8+ and NiV antigen 
(C). Analysis of cells positively stained for CD4+ and NiV antigen (D).  

 

D 



 85 

activation (Fig. 22 A-D). To confirm the observation, changes in levels of selected cytokines 

were determined by semi-quantitative real-time RT-PCR in CD6+ cells. IFN γ was selected for 

this study since in pigs active T lymphocytes secrete IFN γ and IFN γ is important in viral 

clearance in pigs (249, 250).  Both IL-8 and TNF α were selected because they are potent 

chemotactic factors expressed by activated T cells (251) and would offer explanation as to why 

there is a formation of the cell clusters.  In addition, both IL-8 and TNF α might play a role in the 

recruitment of target cells to the sites of viral replication in the lymph nodes. Furthermore, TNFα 

provides signals involved in the cellular control of programmed cell death potentially affecting 

bystander cells (252). In addition, it would be of interest to also evaluate IFN α (antiviral 

cytokine) in activated porcine T lymphocytes as other several porcine viruses stimulate lower 

IFN α production leading to inadequate stimulation of antiviral immune responses (253). Hence, 

the relative levels of mRNA expression of IL-8, TNF α, IFN α and IFN γ were selected and are 

summarized in Figure 22E.  

 The optimization results for mRNA cytokine expression RT-PCR are summarized in the 

appendix 6.2.  NiV infected cells slightly (less than one-fold) upregulated expression of IFN γ 

and IL-8 in non-stimulated cells. Significant upregulation of IL-8 expression was however 

observed in stimulated cells infected with NiV (6 fold). Upregulation of IFN γ and TNF α greater 

than one-fold was observed in stimulated, NiV infected cells. On the other hand, infection of 

lymphocytes with NiV appeared to down-regulate IFN α mRNA, both in non-stimulated and 

stimulated cells, when compared to the constitutive expression levels of IFN α in non-stimulated 

T lymphocytes or PMA/ionomycin activated T cells, respectively. 
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3.11 Effect of NiV infection in vitro on PBMC 

 Effect of NiV infection on lymphocyte population frequencies was studied in the context 

of PBMC to approximate the in vivo situation, allowing for interaction (cell cross-talk) of several 

cell populations. We were able to follow up the lymphocyte staining for CD4 or CD8 marker 

(Fig. 8B). The mock infected PBMC controls were examined for percent change of CD4 and 

CD8 subpopulations at both 24 hrs (Fig. 23 A/B) and 48 hrs; there was no significant changes in 

these populations compared to NiV infected PBMC. In the infected cells at 24 hrs post infection, 

the number of CD8+ cells decreased from about 40% to 30% and down to 20% at 48 hrs post 

infection, with  notable reduction of the CD8+hi cytolytic T cells (Fig. 23 A-C). Almost no 

change in percentage of the CD4+ population was observed at 24 hrs post inoculation (Fig. 23E), 

while an apparent decrease in CD4+ was observed at 48 hrs post infection (Fig. 23F). The drop 

in CD4+ cells could be attributed to the decrease in CD4+CD8+ cells (mostly memory helper T 

cells); however the significant drop at 48 hrs due to bystander cell death of the CD4+CD8- cells 

cannot be excluded, considering the in vivo data below.   

3.12 Effect of NiV infection in vivo on PBMC  

  Low levels of NiV RNA were detected in PBMC from 2 to 7 days post inoculation by 

real-time RT-PCR targeting the N gene, corresponding with previously published data on low 

level NiV detection in serum, PBMC or whole blood in swine (125, 136, 137). Although it was 

difficult to detect the virus in peripheral blood of NiV infected piglets by flow cytometry, and 

total white blood cell count was considered to be within the normal range (data not shown), an 

effect on population frequencies of lymphocytes was observed using double staining for CD4 

and CD8 surface markers. Since, CD4+ T lymphocytes aid in the development of the humoral 
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Figure 23 Changes in population frequencies of CD8+ and CD4+ cells following NiV in vitro 

inoculation of PBMC. (A) PBMC control after 24 hrs incubation stained for CD8 marker. Thin 
arrow on top of the figure indicates CD8 αβ

lo
 T cells. The highest intensity peak corresponds to 

CD8 αβ
hi

 T cells (cytolytic T cells) indicated by the bold arrow.  (B) NiV infected PBMC stained 
for CD8 marker at 24 hrs post inoculation. (C) At 48 hrs post inoculation, the peak corresponding 

with CD8 αβ
hi

 T cells was absent, and the proportion of CD8+ cells decreased from 40% to about 
20%. Fig. 23D PBMC control stained for the CD4 marker after 24 hrs post incubation. (E) Cells 
inoculated with NiV stained at 24 hrs post inoculation for CD4 marker. (F) Decrease in CD4+ 
cells from 20% in the control uninfected PBMC to about 10% at 48 hrs post inoculation with 
NiV. 
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response, the observation of this subpopulation would of great importance in a rapid production 

of virus-specific antibodies necessary for full protective anti-NiV response. In this work it was 

identified that NiV infects CD8+ subpopulation therefore it necessary to evaluate this cell 

population in NiV infected in pigs. The effect on population frequencies of lymphocytes was 

observed using double staining for CD4 and CD8 surface markers. 

 At two days post inoculation a significant drop (p>0.05) in CD4-CD8+ lymphocytes was 

observed in PBMC collected from all 6 infected pigs compared to 4 control animals (Fig. 24A). 

At the same time point, the CD4+CD8- population circulating in peripheral blood increased 

significantly (p>0.05) when evaluating all infected piglets versus negative control pigs (Fig. 24 

B). At 4 dpi, both subpopulations returned close to basal levels. The population frequency of 

double positive (CD4+CD8+) T cells showed a low gradual decrease following the inoculation 

with NiV but it was not statistically significant (p< 0.05) compared to control animals and the 

pre-infection status (Fig. 24C). 

 Interesting trends appeared in population frequencies for piglets which had to be 

euthanized during the first week post inoculation compared to piglets which survived past 7 dpi, 

and were euthanized at 28 dpi (end of the study). In piglets requiring early euthanasia, the CD4-

CD8+ T cells dropped again at day 6/7, in contrast to the survivors, where the CD4-CD8+ T cells 

returned to pre-infection levels (Fig. 25A). Dramatic differences in population frequency trend 

between survivors and non-survivors were observed for the CD4+CD8- lymphocytes. While 

there was a significant increase of CD4+CD8- T helper cells in survivors at 2 dpi, returning to 

normal by 7 dpi, piglets which had to be euthanized had no upregulation of CD4+CD8- T cells, 

and the population frequency continued to decrease until the end point at 7 dpi (Fig. 25B). 
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4.0 Discussion 

 In pigs, the mode of transmission is suspected to be airborne or due to direct exposure to 

NiV infected pigs given that NiV is shed in oronasal secretions (5, 134,137).  The virus can enter 

through the nostrils and mouth into the oral-nasal cavities (136). The oronasal cavities are lined 

with mucosal surfaces composed of epithelium with loose lymphocytes and monocytic like cells. 

This area is rich in infiltrating lymphocytes in the form of isolated lymphatic nodules 

(submandibular) and tonsil (254).   The experimental work presented here showed that NiV can 

productively infect porcine monocytes, NK cells and CD4-CD8+ T lymphocytes. The 

lymphocytes and monocytes present in the oronasal cavity would initiate replication at this port 

of virus entry.   

NiV enters permissible cells either via macropinocytosis (111) or fusion with the plasma 

membrane (82, 92, 112) following viral attachment to host cellular receptors.  We showed that 

the MAPK signaling pathways are involved in viral entry depending on the cell type and mode of 

entry.  The rapid activation of ERK pathway in IPAM is associated with macropinocytosis (111) 

whereas a slow activation of the ERK pathway in swine fibroblasts is associated with membrane 

fusion (256). In addition, the early and strong activation of the p38 pathway in IPAM would be 

correlated more to rearrangement and could be needed for macropinocytosis (255), unlike the 

lack of phosphorylation of p38 in swine fibroblasts.  

Once NiV has entered the cell, viral proteins are generated, in turn initiating and/or 

hindering innate intracellular signaling cascades to promote viral replication. In NiV infected 

porcine cell lines; the STAT signaling pathways were likely hindered by NiV non-structural 

proteins but not completely inactivating the antiviral immune response, as the p38 MAPK 

pathway was activated and found to be required for viral replication.  Following replication and 
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assembly of new virions, the virus will egress from the cells.  In the oral-nasal cavity, initial 

replication in immune cells leads to infection of the epithelial cell layers. NiV replication and 

egress from the infected epithelium leads to disruption of the basement membrane allowing for 

transmigration of NiV to the lymphatic vascular system (65).  NiV infected lymphocytes and 

monocytes situated in the porcine oronasal cavity along with the newly replicated virus would be 

taken up by the local lymphatic vascular system.  In the lymphatic system, NiV and NiV infected 

immune cells can migrate through lymph nodes where they encounter more immune cells as well 

enter the bloodstream via lymphatic vessels allowing for viremic spread of NiV in the porcine 

host. By entering the bloodstream NiV escapes from local innate immune defenses in tissues.  In 

addition, direct infection of CD4-CD8+ T cells likely contributes to viral pathogenesis. We 

observed a decrease in CD4-CD8+ cell population frequency in NiV infected pigs at 2 dpi. The 

CD4- CD8+ T cells are characterized in pigs as cytotoxic T cells and their decrease would affect 

the clearance of virus infected cells (246).  As the p38 MAPK activation is needed for NiV 

replication in cells, the activation of this pathway would induce rapid apoptosis of CD8+ T cells 

(257) and pro-inflammatory cytokines production (181-184). In NiV infected T cells, cytokines 

such as TNF α and IL-8 were upregulated.  IL-8 and TNF α are potent chemotactic factors 

expressed by activated T cells as a result may recruit more target cells to the sites of infection. 

Furthermore, TNF α provides signals involved in the cellular control of programmed cell death 

potentially affecting bystander cells such as the CD4+CD8- T cells which are not infected by 

NiV. In piglets which succumbed to NiV infection, there was a dramatic decrease in the 

CD4+CD8- T cell subset which can also hamper the development of humoral immunity.  Figure 

26A shows a schematic diagram of NiV dissemination from initial site of virus entry in the 

porcine host and Fig. 26B shows the effect on the T cell subpopulations in NiV infected pigs.  
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Hence, in this thesis work, there is indication that NiV modulates the porcine host immune 

response by multiple pathways, consequently delaying the development of antibodies and 

clearance of virus infected cells to facilitate NiV pathogenesis by not protecting susceptible 

tissues in the host and allowing for the progression of the infection. 

4.1 Innate Immune Response 

The first hypothesis in this thesis was that IFN induced signaling pathways are not 

completely inhibited by NiV in infected porcine cells compared to human cells, and an antiviral 

state can be more readily established. 

There was no published work on IFN signaling pathways or on IFN mediated antiviral 

state in NiV infected cells at the onset of the thesis research.  Hence, the first objective was to 

determine whether a difference exists in NiV non-structural proteins (V and W) ability to interact 

with the STAT1 proteins (part of the JAK-STAT pathway) between selected human and porcine 

cell types. The approach was via co-localization studies using confocal microscopy, and 

employing antibodies with previously confirmed specificity.  In addition to the fibroblast cell 

lines, the porcine monocytic-like cell line (IPAM) was included in this work to better understand 

the role of the innate antiviral response in immune cells. The IPAM cell line is an excellent in 

vitro system to directly examine the host-virus interactions at the cellular level, since there is no 

influence of other host immune cells.  

The results were similar in NiV infected IPAM (Fig. 9) and the fibroblast cell lines from 

both species, showing that the co-localization of NiV accessory proteins with STAT1 in these 

selected  cells lines was only in the cytoplasm. These findings are in agreement with another live  

NiV infection study reporting intracellular co-localization of NiV W proteins with STAT1 only 
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in the cytoplasm of human endothelial cells unlike in M17 neuronal cells where NiV W also 

localized to the nucleus (95). 

This set of data (Fig. 9) indicated that NiV may successfully block/evade the 

establishment of antiviral state via the STAT-1 signaling pathway in the infected cells. There 

was however no difference observed between cells of porcine and human origin in NiV ability to 

interact with the STAT1 proteins. 

Although, co-localization of NiV V and W proteins with the STAT1 was confirmed in 

IPAM, MRC5 and ST cells, it was still unknown if a binding of the V and W proteins to STAT1 

leads to a complete block of the STAT-1 signaling pathway and to a block of activation of 

antiviral state, or an alternative IFN signaling pathway may compensate for this block in the 

selected cells. Second objective was then to determine if an antiviral state is activated in porcine 

versus human cells during the course of NiV infection. 

Phosphorylation of eIF2α was chosen as a read out system. The increased levels of eIF2α 

phosphorylation would indicate an activated antiviral state in NiV infected cells, as this 

elongation factor is phosphorylated by protein kinase R (PKR), a well-characterized and 

powerful antiviral molecule activated by IFN. Increase in phosphorylation of eIF2α results in a 

block of protein expression and apoptosis (192, 258). Hence, the phosphorylation levels of eIF2α 

are an important check point in antiviral defence for host antiviral response (193,197).  

An increase in phosphorylation of eIF2α was detected in all three examined cell lines 

infected with NiV but not in cells treated with gamma-irradiated NiV, indicating that viral 

replication is required for the phosphorylation of eIF2α (Fig. 10).  In porcine fibroblast (ST) 

cells, the increased levels of eIF2α phosphorylation were detected at 6 hpi, whereas the human 

fibroblast cell line (MRC5) showed significant eIF2α phosphorylation after 8 hpi. Both IPAM 
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and MRC5 cells inoculated with NiV had a longer lag time before increased eIF2α 

phosphorylation than the porcine fibroblasts (ST) (Fig. 10).  Although, we observed differences 

in the onset of phosphorylation, high levels of eIF2α phosphorylation were detected in both 

human and porcine cells at the last time points collected (Fig. 10). This set of data suggested that 

NiV activates an antiviral state in ST, MRC5 and IPAM cells. Virtue et al., (190) made a similar 

observation by detecting the upregulation of interferon signaling genes (ISG 54 and ISG 56) in 

HEp-2 cells indicating that the IFN signaling was not effectively blocked in the NiV infected 

cells, and the activation of an antiviral state was cell-type dependent. There was no further 

examination of the block of NiV replication in Virtue (190) study.    

In summary both set of data would indicate that the activation of antiviral state is cell 

type specific and may not be related to the species. The detected increase in eIF2α 

phosphorylation indicated that the block of STAT1 shuttling through NiV V and W proteins was 

either incomplete, and/or alternative IFN signaling pathway was activated to establish the 

antiviral state.   

The third objective under the Hypothesis #1 was to investigate activation of an alternative 

IFN-signaling pathway. Two IFN signaling pathways, the JAK-STAT and the mitogen activated 

protein kinase (MAPK) signaling pathways play an essential role in the innate immune response 

to viral infection (259, 260).  Accordingly, both the p38 MAP kinase and STAT factors are 

critical for regulation of IFN mediated gene transcription and cellular antiviral responses 

generated by IFN α/ß (261). The p38 MAP kinase pathway is essential for type I dependent gene 

transcription, but it does not interfere with modification of serine/tyrosine phosphorylat ion or 

nuclear translocation of STATS (242).   The p38 MAPK pathway compensates for block in 

STATs or cooperates with the JAK-STAT signaling pathway, resulting in an antiviral state as 
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well (226, 227, 242).  In addition, there was an indication that this pathway may be functional 

from cytokine induction studies. IL-8 transcription was not hindered in NiV infected porcine T 

cells (data presented in the thesis). Since the p38 MAPK pathway regulates the transcription of 

IL-8 (262) this suggests that this pathway is functional during NiV infections. 

To determine whether the p38 MAPK IFN-signaling pathway is activated in NiV infected 

cells, the changes in phosphorylation levels of p38 MAPK were determined in NiV infected  

MRC5, ST and IPAM cells at set time points.   

In NiV inoculated IPAM and ST cells, the time-profile of p38 MAPK phosphorylation 

was similar, with activation early post inoculation (Fig. 12), then a decrease at 12 hpi followed 

by a dramatic (double) increase at 24 hpi. Although in ST cells the phosphorylation was less 

pronounced during all the time points (Fig. 12).   

As indicated in Figure 12 the overall trend of p38 MAPK phosphorylation in MRC5 cells 

is higher at earlier time points but shows similarity in phosphorylation to ST  cells at the final 

time points.  A sustained phosphorylation of p38 MAPK was evident in both human and porcine 

cell lines at the 24 and 48 hpi, the levels of p38 MAPK phosphorylation peaked in both human 

and porcine cells and remained high at 48 hpi (Fig.12). In MRC5 and IPAM cells the activation 

of the p38 MAPK pathway preceded the phosphorylation of eIF2α (Fig. 11), implying that this 

pathway may be involved in establishment of transient antiviral state.   The situation in ST cells 

appeared to be more complicated with the eIF2α being constitutively expressed.  

In summary, these findings provide evidence that the p38 MAPK pathway is functional in 

NiV infected MRC5, ST and IPAM cells, and is potentially an alternative pathway to the JAK-

STAT pathway to establish an antiviral state in NiV infected cells.  Inoculation with gamma-

irradiated NiV did not result in significant levels of p38 MAPK phosphorylation in any of the 
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cell lines examined, suggesting that virus replication is required for activation of this pathway. 

To confirm that the activation of p38 MAPK pathway leads to an antiviral state, we 

hypothesized, that blocking this pathway would lead to an increase in virus yield/replication of 

NiV. The importance of the activation of p38 MAPK in NiV replication was addressed through 

the use of p38 MAPK inhibitor (SB202190). As illustrated in Fig. 14, the inhibition of p38 

MAPK signaling pathway surprisingly resulted in a significant and clear reduction of viral 

protein expressions and viral titers. The NiV-P expression and infectious titers in porcine cell 

lines and especially in IPAM cells appeared to be more affected by the p38 inhibitor compared to 

the human MRC5 cells (Fig.14). The presence of p38 inhibitor reduced viral progeny in a dose 

dependent manner.  

Taken together, these results indicate that although NiV replication activated the p38 

pathway usually involved in development of antiviral state, and the phosphorylation of eIF2α as 

a read-out for antiviral state, NiV replication was not inhibited. In contrary, the p38 MAPK 

pathway activation was required for virus replication. 

This has been observed for some other viruses such as HIV, RSV, Hepatitis B or 

influenza; although in influenza infected cells the eIF2α phosphorylation is blocked (170, 263-

265). 

The block of NiV replication due to inhibition of p38 MAPK pathway may occur on 

several levels: at virus entry, at phosphorylation of viral proteins, or at fusion protein maturation.   

The block at the level of phosphorylation processing of viral proteins can occur with the 

phosphorylation of the N protein as phosphorylation of NiV-N plays an important role in virus 

transcription and replication (59) as well as P and V can be phosphorylated by cellular kinases 

(62, 266).  
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As p38 MAPK kinase influences the regulation of the Rab5 (267, 268), an enzyme shown 

to be activated in early endosomal compartments (90). The p38 MAPK may be also involved at 

the level of proteolytic activation of the F protein which requires endocytic trafficking from the 

plasma membrane and recycling the mature F protein back to the plasma membrane for virion 

assembly (83).   

At virus entry, p38 MAPK may be required for internalization by the activation of 

effectors necessary for endosomal processing (such as macropinocytosis or endocytosis). 

Different kinetics of phosphorylation of p38 MAPK in MRC5, ST and IPAM cells suggested a 

cell type dependent activation of this pathway. In macrophages and DCs, p38 MAPK is needed 

for functional macropinocytosis by regulating small GTPase (Rab5) (255, 269) which may 

explain why IPAM cells were the most affected cell line.  The significant early activation of p38 

MAPK at 1 hpi for IPAM and MRC5 correlates to the ERK data (see below) where more intense 

phosphorylation suggests a trigger of stress response possibly due to rearrangement of 

cytoskeleton (267).   The involvement of the p38 MAPK pathway has been observed with 

enveloped viruses like influenza and RSV, also a paramyxovirus, to facilitate endocytic- like 

uptake and entry (170).   The low p38 phosphorylation in the ST cells compared to the IPAM 

and MRC5 cells may therefore indicate a different mode of entry. Experiments directly 

addressing virus entry and mechanisms of internalization would be however required to elucidate 

a specific mode of entry into respective cell lines. 

To further elucidate the importance of MAPK signaling pathway, the ERK pathway was 

examined as it could be associated with virus replication along with p38 MAPK (170, 176, 

270).  Activation of the ERK 1/2 pathway was also of interest because of the receptor specificity 

of NiV for ephrin B2 and B3. Stimulation from Eph to ephrin is known as reverse signaling and 
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was demonstrated to be accompanied with activation of ERK signaling (76,111).  Nipah virus G 

protein binds to the same region of ephrin B2 and B3 that mediates high affinity to EphB 

receptors (75) and the binding of the virus to ephrins may result in similar effect: activation of 

the ERK pathway connected with macropinocytosis and internalization of NiV as proposed by 

Pernet et al. (111) and different kinetics of ERK phosphorylation associated with viral fusion to 

the cell membrane (256). Alternatively, in other cell lines increased levels of ERK 

phosphorylation may also indicate NiV involvement with endocytosis (271).  

Based on indications from studies of p38 MAPK activation in NiV infected cells, we 

hypothesized that the phosphorylation of ERK will be accordingly different in different cell 

types, reflecting the type of entry. 

Both human fibroblasts (MRC5) and porcine monocytic-like cells (IPAM) exhibited a 

robust phosphorylation of ERK 1/2 within 15 minutes of live NiV or gamma-irradiated NiV 

inoculation (Fig.15C). The rapid activation of ERK pathway may indicate macropinocytosis or 

endocytosis as a mode of NiV entry into MRC5 and IPAM cells. This would be in agreement 

with study by Pernet et al. (111) who indicated that attachment of NiV G to ephrin B results in 

phosphorylation of specific tyrosine kinases leading to viral entry via macropinocytosis in CHO-

K1 cells. 

A delay in ERK phosphorylation was observed in ST cells either infected with NiV or 

treated with gamma-irradiated NiV (Fig. 15C).  The different profile of ERK phosphorylation in 

ST cells compared to IPAM and MRC5 cells could be due to differences in receptor numbers 

(272) and/or mode of the entry (256).  Sharma et al. (256) study suggests that membrane fusion 

is a slow process where the levels of ERK phosphorylation peak after one hour post stimulation 

with low levels of ERK activation as observed with NiV infected ST cells (Fig. 15).  It appears 
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that despite using the same receptor, NiV is internalized into ST cells by direct cell membrane 

fusion, proposed by Tamin et al., Aguilar et al., Bossart et al. (82, 92,112). 

In NiV infected cells two phases in ERK 1/2 phosphorylation were observed. The “early” 

one described above which declined after initial activation, and increased again after 12 hpi, only 

in cell lines inoculated with live NiV (Fig. 15C).  As NiV replication cycle takes approximately 

8-12 hours, this may further support the notion that the ERK pathway is activated as a result of 

virus entry into the cells.  It cannot be excluded that this late and sustained phosphorylation of 

ERK 1/2 may also depend on viral gene expression and may be induced by exposure to a viral 

protein, similar to reports with HIV-1 and RSV (178, 273).    

The next step of the study was to determine if inhibition of the ERK pathway inhibited 

NiV replication. There was no difference NiV-P expression in MRC5, ST or IPAM cells with 

concentrations of 1 and 10 µM. Differences in the reduction of virus replication were observed 

only with the concentration of the inhibitor at 20 µM (Fig.17). Our results are comparable with 

results reported for other paramyxoviruses (MeV and RSV) where only at a high dose of ERK 

inhibitor (UO126) had a significant effect at the efficiency of viral replication (178, 177). The 

UO126 inhibitor blocks the pathway upstream of ERK 1/2 kinase via MEK-1 and does not 

directly affect the ERK 1/2 kinase, while inhibitor (FR180204) in this thesis work directly affects 

ERK 1/2 kinase (245).   Differences of viral production were observed in a cell type dependent 

manner (Fig. 17). It would be interesting to examine other cell types for example brain 

microvascular endothelia, where ERK activation is important for HIV entry by macropinocytosis 

(270) or neurons.  Additional experiments directly addressing virus entry and mechanisms of 

internalization would be required to further elucidate a specific mode of entry into respective cell 

lines. 
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In summary, data presented in this thesis prove the first part of the hypothesis: IFN 

induced signaling pathways are not completely inhibited by NiV in infected porcine cells and an 

antiviral state based on gene activation and eIF2α phosphorylation can be established. Second 

part of our original hypothesis that there will be difference in this respect between human and 

porcine cells however did not hold true, as no differences was linked to species of origin. 

Although there was an evidence for the p38 MAPK pathway, one of the IFN signaling pathways, 

being activated and the antiviral state being induced, reduction in NiV replication and virus yield 

were not observed. Interestingly, the p38 pathway was indispensable for NiV replication in both 

porcine and human cell lines selected for this thesis work. Thus the established antiviral state 

was not found to be effective in NiV infected cells, and the cells under study (MRC5, IPAM, ST) 

were not able to control or suppress NiV replication. 

The modulation of the host antiviral system is a fine balance between negative and 

positive regulation of signaling pathways potentially exerted by NiV replication leading to a 

successful host infection.  This part of the thesis work showed that multiple signaling pathways 

need to be explored to better understand the pathogenesis of NiV infection in a cell dependent 

manner. In addition,  this part of the thesis work provide a potential new antiviral therapy with 

the use of p38 MAPK inhibitor as opposed to the ribravirin therapy which was shown to be 

unsuccessful in other some small animal models of NiV infection (128, 213) and humans (211). 

4.2. Cell Mediated Immune Response 

 The innate and adaptive immunity are linked by induction of cellular pathways to 

produce IFNs and cytokines that have an immediate impact on the host immune response (199). 

Porcine lymphocytes expressing markers CD4 or CD8 alone and CD4 and CD8 together are 

important in viral clearance by secreting IFN-γ (249, 250), and in turn also need functional 
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activation of the STAT-1 signal transduction pathway. The subversion of STAT- 1 signal 

transduction pathway was indicated in NiV infected porcine monocytic like cells. However, there 

were no reports or studies regarding whether NiV can modulate the adaptive immune response in 

humans, pigs or any animal models.  There was some evidence that there is an involvement of 

immune cells in experimentally infected pigs by the detection of viral RNA in PBMC, and in the 

in vitro studies by detection of NiV antigen in an unidentified subpopulation of lymphocytes and 

monocytes (137). There was also evidence of lymphocyte necrosis and lymphoid depletion in the 

lymph nodes, with bacteria considered to be associated with immune-compromised state detected 

in the cerebrospinal fluid of NiV infected pigs (134, 136, 137).     

 Second part of the research for this thesis was therefore driven by Hypothesis # 2: that 

NiV infects porcine immune cells, and consequently affects cellular immune response, both at 

the immune cell signaling and population frequencies of PBMC levels. The two main objectives 

of this part of the thesis work was to (A) determine the permissiveness of porcine cells to NiV in 

vitro and (B) determine if a subpopulation of frequency of PMBC is affected in vivo.  

This hypothesis was examined first through the objective A: determining the 

permissiveness of porcine immune cells to Nipah virus in vitro, and the effect of the infection on 

upregulation of selected cytokines. 

The permissiveness of immune cells to NiV was evaluated in monocytes, NK cells, B 

cells and T cells purified from pig peripheral blood.  Monocytes and NK cells are essential in the 

activation and amplification of the adaptive T cell response (200) and if these cells are 

permissive to NiV, which would lead to modulation of a cell, mediated response.  
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T lymphocytes infection by NiV may impact virus clearance via CD8+ T cells and via the 

magnitude of Th1 or Th2 response by CD4+ T cells (200).  NiV infection of B lymphocytes may 

influence their proliferation or immunoglobin secretion (153, 188).   

Due to constraints of working in BSL4 containment, selection, number of cell markers 

and combinations of markers/antibodies were limited to only two cell surface markers; and one 

internal staining: of NiV nucleocapsid protein or non-structural protein C. Viral replication was 

also determined by infectivity recovered from collected supernatant.   

 The experimental work presented here confirmed that NiV can productively infect 

porcine peripheral blood monocytes (Fig. 18). Increased levels of NiV genomic RNA were 

detected in infected monocytes at 48hrs post infection (Fig. 19).  Interestingly the amount of 

genomic RNA decreased in the infected monocytes at 24 hpi (Fig. 19), before increasing to the 

levels higher than one hour post inoculation. Correspondingly, no infectivity was detected in the 

supernatants harvested from the cells at 24 hpi, and relatively high virus yield was obtained at 48 

hrs post infection (Fig. 19). The dynamics of NiV replication in monocytes would indicate that 

majority of the virus is phagocytized for antigen processing and presentation, and only small 

proportion of the virus is internalized in an alternative way allowing for replication.  

 From the non-adherent cells, only cells carrying CD8+ marker were permissive to NiV: 

the NK cells (also carrying the CD8+ marker) (Fig. 18) and the CD8+ subset of T lymphocytes 

(Figs. 20 and 21). The purified B cells and the CD4+ CD8- subpopulations of T cells were not 

permissive to NiV (Figs. 20 and 21). The low level viremia detected in NiV infected pigs 

somewhat reflects the distribution of the type of cells in the swine host, where monocytes and 

NK cells altogether represent between 5 - 15% of PBMC, and the majority of CD8+ cells home 

into the lymph nodes via lymphatic system (246). The low level of viremia detected in peripheral 
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blood is not exceptional for paramyxoviruses, and was observed e.g. for measles virus in humans 

(229).  The permissiveness of lymphocytes and monocytes to NiV infection appears to be species 

specific. Recently Mathieu et al. (119) reported that although leukocytes likely contribute to 

viremia in humans and hamsters, NiV does not replicate in them, and the cells serve merely as 

mechanic transporters. Only in human dendritic cells was a low level of virus replication 

detected (119), and a human monocytic cell line (THP-1) was also found permissive to NiV 

replication although virus replication was at a slower rate (274). 

 Infection of the individual subsets of immune cells, thus confirmed the hypothesis of cell 

associated viremia during NiV infection in the swine host (125, 136).  Furthermore, the 

identification of CD3+CD6+CD8+ T lymphocytes as cells productively infected by NiV helps to 

elucidate the importance of peripheral immune blood cells in the viremic spread of NiV. 

 Interestingly in all host species (114, 125, 134, 136, 275), NiV has a preference for a 

small blood and lymphatic vessels in brain and lung. The CD6 marker is a strong ligand for the 

activated leukocyte cell adhesion molecule (ALCAM - CD166) expressed on the microvascular 

endothelial cells of the blood-air barrier in lung (276) and blood brain barrier (277). 

Consequently, dissemination of NiV within the host by the CD3+CD6+CD8+ cells would be 

preferentially targeted to small blood vessels leading to vasculitis, a characteristic of NiV 

infection in different hosts and may require further investigation in pigs.  

 The infection of different subpopulations of PBMC did not appear to be entirely 

dependent on pre-existing expression of ephrin B2, a primary receptor for NiV (71, 72). Resting 

monocytes and NK cells did not have detectable levels of ephrin B2 mRNA (Table 1), but 

upregulated the ephrin B2 mRNA following NiV inoculation. Based on literature, monocytes 

express the alternative ephrin B3 receptor for NiV (69), sufficient for the initial infection. 



 107 

Mechanism of the initial infection of NK cells with NiV is not clear at this moment, as there are 

no reports on ephrin B3 expression (or lack of thereof) in NK cells. However, since the NK cells 

preparation contained up to 15% of other cells presumably permissive to and activated by NiV, 

the rapidly released pro-inflammatory cytokines (253) could possibly stimulate ephrin B2 

expression on the NK cells, and render them permissive to NiV. While all CD6+ T lymphocytes 

expressed ephrin B2 (Table 1), only the ones expressing CD8 marker were permissive to NiV. 

Further investigation of this phenomenon could lead to elucidation of the role of CD8 marker in 

the permissiveness of porcine immune cells to NiV or identification of important cellular factors 

involved in block of NiV replication in the CD6+ cells lacking the CD8 marker.   

The effect of NiV replication on IFN and cytokine production was considered. 

Depending on the cell type infected by NiV, inhibition of IFN and cytokine production in these 

immune cells would influence the outcome of a functional cell mediated response. We have 

focused on IFN α and γ, IL-8 and TNF α in T lymphocytes.  Both IL-8 and TNFα  were 

upregulated in the infected T lymphocytes (Fig. 22), indicating that in the T cells NiV infection 

similarly to the IPAM, MRC5 and ST cells,  activated the p38 MAPK  pathway. Some of the 

implications of the upregulation are discussed along with viremia and virus tropism for 

endothelial cells of small blood vessels (recruitment of additional immune cells) and in 

connection with possible apoptosis in CD4+ T cells (next section). Since both type I and II IFNs 

enhance antigen presentation on CD4+ T cells and affect the magnitude of the response in 

addition B lymphocytes are impacted by IFN by directly inducing proliferation, immunoglobulin 

(Ig) secretion and isotype switching (153, 188) as also evidenced by antibody development in the 

animals (137). 
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 Very interestingly, induction of IFN α was downregulated in the infected activated CD6+ 

T cells (Fig. 22). This indicates that NiV can likely evade the IFN system at the level of 

induction in these cells, and it would be of interest for future to investigate the actual mechanism 

behind it. While in vitro production of type I IFN was demonstrated in NiV infected endothelial 

cells, the infection downregulated production of type I IFN in several other cell lines of human 

origin, including neuronal M17 cells (95, 190). Recent studies demonstrate that NiV C protein 

can inhibit IFN α induction in pDC (110) and in NiV infected human DC, IFN α is not induced 

(278). Therefore both pDC and DC can also have significant impact on immune response 

activation and regulation, and contribute to disease progression (260).  

The second objective under Hypothesis # 2 was to determine if a subpopulation 

frequencies of peripheral T lymphocytes in the PBMC are affected in vivo during the acute stage 

post infection (up to 7 dpi) with NiV, as this can also further affect and modulate  cell mediated 

immune response.  

Flow cytometry was the primary tool in the studies of changes in population frequencies 

of T cells in the PBMC. Again the number of antibodies/markers was limited due to constraints 

posed by the BSL4/CL4 requirements (e.g. 24 hrs fixation of cells with 1% paraformaldehyde in 

order to remove the cells from the CL4 laboratory).  

Infection of immune cells can modulate the immune response by down regulation of 

specific cell populations due to virus replication followed by cell death or due to release of 

cytokines with subsequent bystander death of susceptible cells. To participate in an adaptive 

immune response, T cells need to proliferate and differentiate into CD4+ helper (Th) cells and 

CD8+ cytotoxic cells from their naïve states after encountering antigen. In the context of in vitro 

infected PBMC, the CD8+ 
hi

 T cells were the most affected subset of cells already at 24 hrs post 
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inoculation with almost complete elimination of this population at 48 hrs post infection (Fig.23), 

consistent with these cells being permissive to NiV. The needed for p38 MAPK activation in 

NiV infected cells could have also induced rapid apoptosis of CD8+ T cells in vitro as these cell 

types are sensitive to hyperactivation of p38 (257).  CD4- CD8+
hi

 T cells were characterized in 

pigs as cytotoxic T cells and their decrease would have an effect on clearance of virus infected 

cells (246).   We have observed decrease in CD4-CD8+ cell population frequency also in vivo at 

2 dpi (Fig. 24), however it remains to be determined whether those were NK cells, γδ T cells or 

cytotoxic T cells to offer any comments on the in vivo significance.  The reduction in the number 

of CD4-CD8+  may be due to NiV activation of the p38 MAPK as observed in our in vitro work, 

potentially leading to apoptosis as observed in infected cells by  Merritt et al. (257). In addition, 

p38 MAPK regulates the upregulation of pro-inflammatory cytokines (TNF α or IL-8) (279, 

280), as observed with NiV infected T cells (Fig. 22B). The activation of p38 MAPK pathway 

leading to production of TNF α and IL-8 observed by other viruses and could be utilized in NiV 

infections (181, 281-283). 

 A decrease in CD4+CD8- T helper cells, observed in vitro (Fig. 23), would influence 

development of humoral immunity.  Interestingly, the work with in vivo  NiV infected PBMC 

confirmed there was a dramatic decrease in population frequency of CD4+CD8- T cells in piglets 

which succumbed to NiV infection (Fig. 25), while values for surviving piglets indicated that the 

CD4+CD8- T cell subset expanded following the infection (Fig. 25), corresponding with 

functional humoral response and protection. In surviving animals, the production of antibodies is 

not considered impaired, but may be somewhat delayed compared to development of antibodies 

against for example swine influenza (137, 139). It remains to be determined whether drop in 

CD4+CD8- T cell population can be used to predict the outcome of NiV infection in pigs.   
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 In conclusion this part of the thesis has proven the hypothesis that NiV does infect a 

specific population of immune cells and affects the population frequency of PMBC in pigs to be 

true.  Though, additional work is warranted to understand the role of NK cells, monocytes and 

plasmacytoid dendritic cells in the pathogenesis and development or modulation of immune 

response to NiV, which decides the outcome of the NiV infection or the secondary bacterial 

infections. In summary, it appears that the focus of further studies has to shift to innate immune 

response, as the critical aspect in the development of adaptive immune response.  

4.3 Conclusion 

 The work presented in this thesis provides new insight into NiV evasion of IFN system in 

infected cells, although further work is required to elucidate this aspect of virus-host interaction. 

We propose that NiV blocks IFN α induction in T lymphocytes and importantly very likely also 

in other immune cells, from which the dendritic cells may be of critical importance. Next, the 

virus then interferes with the JAK-STAT signaling pathway, although the p38 MAPK pathway is 

activated. However antiviral state in the infected cells does not appear to be functional. In 

contrary, the p38 MAPK signaling pathway was determined to be important to NiV replication, 

especially in porcine monocytic-like cells. NiV replication may lead to hyperactivation of this 

pathway in the infected cells leading to an imbalance of inflammatory response and contributing 

to NiV pathogenesis.  On the other hand, cells pre-treated with IFN α will successfully enter 

antiviral state against NiV (Boczkowska et al., manuscript submitted). This may explain why 

ribavirin treatment of NiV patients was not effective (211), and the use of interferon treatments 

may be more successful with NiV infections. Currently, p38 MAPK inhibitors are being 

exploited as therapeutics for human neurological, gastrointestinal and cardiovascular diseases 

(284).  Hence, these findings may provide a new format for development of new antiviral 
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therapeutics without species specificity, although with caution as the p38 MAPK pathway affects 

the production of pro- inflammatory cytokines to stimulate the innate immune response, and in 

turn induce the adaptive response. Targeted delivery to the infected cells may thus be required.    

 The second part of the thesis proved that specific porcine immune cells (CD8+, 

monocytes, NK cells) are permissive to NiV, and NiV infection has an effect on the 

subpopulation frequencies of T cells subsets in PMBC in the infected pigs.  The data revealed 

that subpopulation frequencies are affected during the acute stage of NiV infection, potentially 

influencing a functional humoral response and protection. A significant drop in CD4+CD8- T 

cell population frequency observed in pigs which did not survive the NiV infection may be 

further examined to determine if this subpopulation can be used to predict the outcome of NiV 

infection in pigs.  It also supports vaccine studies that the development of humoral immunity 

requires the aid of the T helper cells to induce rapid and protective antibody response to NiV 

(137, 138, 217).  

 Thus in the porcine host, aspects of innate and adaptive immune response are affected 

and contribute to NiV pathogenesis. This knowledge will benefit researchers when considering 

innovative strategies during design of effective vaccines and antiviral therapeutics. 
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6.0 Appendix 

6.1 Primary and Secondary Antibodies  

Antibody Species Type Source Dilutions  
    Western Blot IFA 

NiV P58 Mouse Monoclonal Produced by 

NCFAD 

1:1000 1:100 

 

NiV – P, W,V  Rabbit Polyclonal From Dr. C. Kai 
(U.of Tokyo) 

1:100 
 

1:50, 1:100 
 

NiV – N  Mouse Monoclonal Produced by 
NCFAD 

1:1000 N/A 

      

Anti-STAT1 Rabbit 
or 
Mouse 

Polyclonal Santa Cruz 
Biotechnology  

1:500 
 

1:200 
 

Alexa Fluor 594 
Anti-mouse 

Goat Fluorescent 
Red 

Molecular 
Probes, 

Invitrogen  

N/A 1:1000 
 

Alexa Fluor 488 
Anti-rabbit 

Goat Fluorescent 
Green 

Molecular 
Probes, 
Invitrogen 

N/A 1:1000 

    Western Blot  

Beta-actin rabbit monoclonal Cell Signaling 1:1000 
 

eIF2α 
phosphorylated 

rabbit  monoclonal Cell Signaling 1:1000 

eIF2α Total  mouse monoclonal Cell Signaling 1:1000 

ERK 
phosphorylated  

rabbit  monoclonal Cell Signaling 1:1000 

ERK total rabbit  monoclonal  Cell Signaling 1:1000 

p38 MAPK 
phosphorylated 

rabbit  monoclonal  Cell Signaling  1:1000 

p38 MAPK  
Total 

rabbit monoclonal Cell Signaling  1:1000 

HRP conjugated 
secondary 

antibody 

rabbit  
or 

mouse 
(IgG) 
H&L 

 KPL Mandel 
Scientific 

1:5000 

    PBMC 
Separation 

CD6  
anti-porcine 

mouse monoclonal AbD SeroTec 1:100 

CD21 

anti-human 

mouse monoclonal AbD SeroTec 1:100 
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6.2 Optimization of real time qRT-PCR for cytokine expression 

 The genes used for qRT-PCR were selected based on previous studies (235, 236).  The 

commonly used HPRT and cyclophilin were selected as the reference genes. Figure 27A shows 

the plasmid constructs with each cytokine of interest and the house gene. Inserts were verified by 

sequencing and correct inserts were cloned. Nine-fold serial dilution of the plasmid DNA were 

prepared and used as template for the generation of the standard curve.   In each run, the 96 well 

microliter plate contained each cDNA sample, plasmid for the standard curves and no template 

control.  A no template control (NTC) was included in each run for each gene to check for 

CD16 
anti-porcine 

mouse monoclonal AbD SeroTec 1:100 

    Flow 
cytometry 

NiV – N  mouse monoclonal Produced by 
NCFAD 

1:50 

Guinea Pig Sera  guinea 
Pig 

polyclonal From infected 
animals 
(NCFAD) 

1:100 

 

Alexa Fluor 594 
Anti-guinea pig 

 

goat 

 

Fluorescent 
Red 

 

Molecular 
Probes, 
Invitrogen  

 

1:1000 

Alexa Fluor 488 
Anti-mouse 

goat Fluorescent 
green 

Molecular 
Probes, 
Invitrogen 

1:1000 

CD3  

anti-porcine 

mouse  FITC  BD Pharmingen 1:100 

CD4 

anti-porcine 

mouse FITC or PE BD Pharmingen 1:100 

CD8  
anti-porcine 

mouse FITC or PE BD Pharmingen 1:100 

Isotype-IgG2a,k mouse  BD Pharmingen  

Isotype-IgG2b,k mouse  BD Pharmingen  
Isotype-IgG1 mouse  BD Pharmingen  

Isotype-IgG2a mouse  BD Pharmingen  
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contamination. Quantitative real time RT-PCR was set using 2 µl of first strand cDNA template, 

the protocol was set up as described in the methods.  Based on the Ct values for all dilution 

points in a series, a standard curve was generated (Fig. 27B), the PCR amplification efficiency of 

each primer was calculated from the slope of a standard curve. Melting curve analysis was 

constructed to verify presence of gene specific peaks and the absence of primer dimers.  All the 

cytokine primers and housekeeping were specific and no primer dimers were detected at the final 

concentration used for the qRT-PCR. In addition agarose gel electrophoresis was performed to 

test specificity of all the amplicons and results were correct for each primer.  Next, the 

expression levels of the candidate reference genes were evaluated with different stimuli such as 

NiV, PMA and ConA (Fig. 28).  The cycle threshold (Ct) obtained did not differ with each 

stimuli however there was a difference in Ct with each housekeeping gene.  When expression 

values were compared between cyclophilin and HPRT, HPRT mRNA difference was significant 

lower than cyclophilin as shown in Figure 28.  Therefore the cyclophilin primers were used for 

normalization for the data present here since this gene was more stable and showed no 

significant difference between samples.  
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Figure 27   Preparation and testing of cytokine plasmid controls . 
(A) The agarose gel shows plasmid insertions from PCR fragments of 

each cytokine and housekeeping gene. (B) Using specific primers for 
each plasmid a concentration gradient was generated to determine the 
sensitivity of detection for the designed protocol.   

A 

B 
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Figure 28 Different concentrations and induction 

protocols to test variation and sensitivity in 
housekeeping gene expression with optimized RT-
PCR protocol.   
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