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ABSTRACT 

J Paramyxovirus (JPV) was first isolated from moribund mice with hemorrhagic lung 

lesions in Australia in 1972. JPV is a paramyxovirus with a non-segmented, negative-

strand RNA-genome. JPV is currently included in a proposed jeilongvirus genus within 

the paramyxoviridae family. Small hydrophobic (SH) protein is an integral membrane 

protein present in jeilongviruses, rubulaviruses, and pneumoviruses. SH has a role in 

blocking apoptosis by inhibiting the tumor necrosis factor-alpha (TNF-α)-mediated 

extrinsic apoptotic pathway. JPV caused severe disease in mice. We used JPV to study 

the role of SH in pathogenicity using laboratory mouse model. Deletion of SH resulted 

in the attenuation of JPV. We found that the SH of JPV can be replaced with SH of 

mumps virus (MuV) or respiratory syncytial virus (RSV) to restore the virulence of 

JPV-ΔSH. Similar functions of these SH proteins despite the lack of sequence 

similarity of JPV, MuV, and RSV SH genes, suggests the structural resemblance of the 

SH of paramyxoviruses. JPV genome is large when compared to other 

paramyxoviruses. The reverse genetics system of JPV allows us to incorporate foreign 

nucleic acid sequences into its genome to develop JPV-based vectored vaccines. We 

have replaced the SH gene of JPV with the hemagglutinin (HA) of a highly pathogenic 



avian influenza H5N1. Recombinant JPV expressing HA protected mice from a lethal 

challenge with H5N1. Together, these results show that the deletion of genes or gene 

segments responsible for virulence is a safe and efficient way to develop JPV based 

vaccines.  
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CHAPTER 1 

INTRODUCTION 

J Paramyxovirus (JPV) is a member of the genus Jeilongvirus of the family 

Paramyxoviridae. JPV is a virus isolated from moribund mice in Australia in 1972. It 

has a genome size of 18,954 nucleotides consisting of eight genes in the order 3’-N-

P/V/C-M-F-SH-TM-G-L-5’. Jeilongvirus is a newly proposed genus under the 

Paramyxoviridae family, which includes rodent viruses like JPV, Tailam virus 

(TlmPV), and Beilong virus (BeiPV). A new JPV strain (JPV-BH) behaved differently 

from the old isolate (JPV-LW) in both in vitro and in vivo conditions. JPV-LW did not 

cause disease in mice but induced cytopathic effects (CPE) in tissue culture. JPV-BH 

induced less CPE in tissue culture cells but caused severe disease in mice. As JPV can 

cause disease in laboratory mice (1), we have chosen JPV as a prototype of the genus 

to study the pathogenesis of Jeilongviruses in an animal model. Small hydrophobic 

(SH) protein is detected in many paramyxoviruses and pneumoviruses, but the role of 

SH in the pathogenicity has never been studied in a suitable animal model. Role of 

paramyxovirus SH in blocking the virus-induced apoptosis in tissue culture cells by 

inhibiting the tumor necrotic factor-α (TNF-α)-mediated extrinsic apoptotic pathway 

was previously determined (2–7). The function of JPV SH protein was studied 

previously using JPV-LW and revealed the apoptosis blocking function of SH. JPV-

LW strain with its SH open reading frame (ORF) replaced with the ORF of Renilla 

luciferase (RLuc) had no growth defect in Vero cells. Due to the lack of pathogenicity 

of JPV-LW in mice, no difference in terms of mortality or morbidity was seen between 
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mice infected with JPV-LW and recombinant JPV-LW virus lacking SH (4). Lack of 

an ideal animal disease model simulating the mode of natural infection prevented 

studies to elucidate the role of SH in viral pathogenesis.  As a rodent paramyxovirus 

containing SH, a pathogenic JPV-BH strain is very suitable to study the functions of 

SH of paramyxoviruses in a mouse model. Reverse genetics of JPV helps us to make 

mutant JPV viruses to investigate the roles of JPV genes and the pathogenic mechanism 

of Jeilongviruses.  

 

This study includes the following aims: 

Specific Aim 1. To determine the role of SH protein in the pathogenesis of J 

Paramyxovirus (JPV-BH strain) in its natural host. A recombinant JPV lacking the 

coding region of SH has been rescued. Also, the SH of JPV was replaced with the SH 

of Mumps virus (MuV) or Respiratory Syncytial Virus (RSV) to generate SH chimera 

viruses.  These recombinant viruses were used to study the role of SH in viral 

replication and cytopathicity. Similarly, these recombinant viruses were tested in vivo 

to understand the role of SH in the pathogenesis of JPV. The working hypothesis is that 

the deletion of SH will attenuate JPV and the replacement of JPV SH with the SH of 

MuV or RSV will not alter the replication, cytopathic effect (CPE) and pathogenesis.  

Specific Aim 2. To develop and test the immunogenicity of JPV based vaccine 

candidates. JPV is not known to cause disease in any species other than mice. However, 

JPV antibodies are identified in humans and swine. The large genome size of JPV will 

allow us to incorporate large foreign nucleic acid sequences into the JPV genome. The 

reverse genetic system of JPV helps us to modify the JPV genome by deleting virulent 
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genes and integrating other genes into the genome. Insertion and expression of reporter 

genes in JPV genome are (described in Appendix A) emphasizing the potential use of 

JPV to create safe and efficient vectored vaccines for humans and livestock. Deletion 

of genes or gene segments from JPV vector is safer than mutations in the genome, as 

latter has a possibility of reversion of virulence. We have used JPV as a vector to 

generate vaccine against highly pathogenic avian influenza (HPAI) H5N1. The 

working hypothesis is that JPV based vaccine will provide a protective immune 

response in animal models.  
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CHAPTER 2 

LITERATURE REVIEW 

 

History and Classification 

 

Family Paramyxoviridae includes nonsegmented negative-sense single-stranded RNA 

viruses, classified under seven genera:  Aquaparamyxovirus, Avulavirus, Ferlavirus, 

Henipavirus, Morbillivirus, Respirovirus and Rubulavirus (8, 9). Jeilongvirus is a 

newly proposed genus which includes J Paramyxovirus (JPV), Beilong virus (BeiPV) 

and Tailam virus (TlmPV). These viruses were isolated either from a rodent source or 

as a contaminant from a rodent cell culture. JPV was first isolated from moribund mice 

with hemorrhagic lung lesions in Australia in 1972. JPV produced characteristic 

syncytia in kidney autoculture monolayers, and electron microscopy of the virus 

revealed the herring-bone shaped nucleocapsid typical of paramyxoviruses. Antibodies 

against JPV have been detected in mice, rats, pigs, bovines, and humans, suggesting 

that JPV has a wide host range. The name J was assigned to this virus in reference to 

M. H. Jun, the virologist who initially characterized this virus (10).  In 2006, BeiPV 

was isolated from human kidney mesangial cells as a contaminant from a rat cell line 

(11). TlmPV was isolated from Sikkim rats in Hong Kong in 2011. Both BeiPV and 

TlmPV have similar genome structure of JPV, indicating that these three viruses are  

members of the new genus (11–13). Genome replication machinery of JPV and BeiPV 

can be interchanged, showing the close relationship between these two viruses (14). 
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Genome Structure and JPV proteins 

 

The full-length genome of JPV has been sequenced and contains 18,954 nucleotides 

and eight genes in the order 3'-N-P/V/C-M-F-SH-TM-G-L-5' (Fig 2.1) (15). JPV 

genome is one of the largest among paramyxoviruses sequenced to date. JPV encodes 

integral membrane proteins, small hydrophobic (SH) and transmembrane (TM) genes 

which are 69 and 258 amino acids, respectively. JPV SH is a type I integral membrane 

protein located in the similar genome position of that of other paramyxoviruses, and its 

size and hydrophilicity profile is identical to MuV SH. There is no sequence homology 

observed between the JPV SH and SH of other paramyxoviruses. Subcellular 

localization of SH has not yet been determined. Like other SH proteins, JPV SH has a 

putative transmembrane domain at the N-terminus. TM is a type II glycosylated integral 

membrane protein, which promotes cell-to-cell fusion (16). TM is basic, which is a 

type II transmembrane glycoprotein. TM has two potential sites for O-linked 

glycosylation and has a putative transmembrane domain. JPV N protein contains 522 

amino acids. P gene contains 499 amino acids with the RNA-editing site. Translation 

of P ORF after a faithful transcription produces Phospho (P) protein. JPV P protein is 

highly acidic and has potential sites for phosphorylation. The translation of alternative 

ORF produces C protein within the P gene. C protein contains 152 amino acids. V 

protein is produced by the addition of one non-templated G residue into the RNA 

editing site of the P gene. V protein contains 292 amino acids. Addition of two non-

templated G residues to the editing site of P gene results in the transcription of mRNA 
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which codes for a putative W protein, with 310 amino acids. M protein of JPV has 340 

amino acids and a similar structure of the M protein of other paramyxoviruses. JPV has 

a fusion protein (F) which is predicted to be a type I membrane protein containing 544 

amino acids. The cleavage site of JPV F protein is monobasic with the sequence 

GVPGVR. JPV G is one of the largest paramyxovirus attachment proteins sequenced 

to date. The G gene encodes an attachment protein containing 709 amino acid residues. 

G has an untranslated region with 2115 nucleotides, and it is a distal second open 

reading frame termed as ORF-X. The ORF-X has not been detected in JPV-infected 

cells yet. Nucleotide probes specific to both the G-coding and ORF-X regions identified 

a mRNA species matching to the G gene (15, 17). Paramyxoviruses with HN 

attachment protein has a conserved neuraminidase active site which is also present in 

JPV G protein. The conserved hexapeptide sequence NRKSCS is thought to be an 

active site for sialic acid attachment, but in JPV this hexapeptide is changed to 

NRRSCS. JPV G protein has no hemagglutination or neuraminidase activities and 

contains a putative hydrophobic transmembrane domain (15, 17–19). L gene of 

paramyxoviruses is essential for the polymerase activity. Six conserved linear domains 

in the L gene of other paramyxoviruses are also conserved in JPV L (17, 20). JPV L 

gene has a conserved GDNQ sequence. Other viruses with large genomes – 

henipaviruses, Tupaia paramyxovirus (TPMV) and Mossman virus (MoV) have an 

altered GDNE sequence. Mutation of GDNQ sequence to GDNE did not affect the JPV 

replication in a minigenome system (17, 20–22). 
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Transmission and Pathogenesis 

 

JPV was isolated on different occasions from four mice with extensive hemorrhagic 

lung lesions (10, 23). Based on a serological study conducted in Australian mammals, 

JPV neutralizing antibodies were detected in wild rodents, pigs, and humans.  

Experimental inoculation of mice and rats with JPV did not show any clinical signs, 

but autopsy after three weeks post-infection revealed varying degrees of interstitial 

pneumonia and isolation of virus from lungs, blood, liver, kidneys, and spleen. 

Experimental infection of JPV in pigs did not cause any clinical signs, but JPV 

antibodies were detected. (10, 24). Lin-Fa Wang’s group performed complete genome 

sequencing of JPV in 2005 (17). A recombinant JPV-LW (rJPV-LW, named after Lin-

Fa Wang) did not cause disease in mice but had a cytopathic effect (CPE) on tissue 

culture (4). A new JPV strain received from the University of Texas Medical Branch 

has been propagated in Vero cells, and a full genome sequencing of the new isolate 

(JPV-BH) was performed. JPV-BH has the same genome organization and number of 

nucleotides as JPV-LW with one nucleotide difference in the leader sequence and three 

nucleotide difference in the L gene. JPV behaved differently from the old isolate (JPV-

LW) in both in vivo and in vitro conditions. JPV-BH had less CPE on tissue culture 

cells but caused severe disease in mice. rJPV-LW replicated faster than JPV-BH in 

Vero cells. The expression level of viral protein was more in Vero cells infected with 

rJPV-LW compared to JPV-BH-infected cells. Also, rJPV-LW infection produced 

more viral genome RNA and mRNA transcripts than JPV-BH. Experimental infection 

of mice with rJPV-LW or JPV-BH revealed that rJPV-LW is highly attenuated. Mice 
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infected with rJPV-LW had no detectable lung viral titer at five days post-infection and 

resulted in little weight loss. JPV-BH replicated steadily to 104 PFU/mL with a 

significant loss of body weight. Infection of lungs with JPV-BH also resulted in 

interstitial and alveolar infiltration with perivascular cuffing, while no 

histopathological changes were observed in the lungs of mice infected with rJPV-LW. 

This altered phenotype of JPV-LW and JPV-BH, suggests that JPV-LW is more 

adapted for growth in cell culture. It also suggests that JPV-LW was from a later 

laboratory passage and JPV-BH was from an earlier passage. Replacing the L gene of 

JPV-BH with the L gene of JPV-LW resulted in attenuation in mice, confirming the 

role of L gene in viral pathogenesis (1).  

 

Transcription and Replication 

 

All paramyxovirus RNA synthesis begins with the entry of viral RNA-dependent RNA 

polymerase (vRdRp) to the 3’ promoter which transcribes the 3’ leader before mRNA 

synthesis. Initiation of the mRNA synthesis is dependent on the distance between the 

3’ end of the genome and gene start signal. For paramyxoviridae, N gene is transcribed 

as the first coding gene, and vRdRp responds to the cis-acting sequences at the end of 

the N gene to produce capped and polyadenylated viral mRNAs. Then, the vRdRp 

reinitiates mRNA synthesis at the next downstream gene, and this sequential “stop-

start” mechanism continues across the viral genome in a 3’ to 5’ direction (25). 

Initiation of the mRNA synthesis is also dependent on the strength of the replication 

promoter (26, 27). Monocistronic mRNA produced by vRdRp contains a 5’ cap, which 
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is polyadenylated by a stuttering mechanism (28) and leads to the termination and 

release of mRNA. The viral gene junctions that modulate transcription is divided into 

three segments: Gene End (GE) region at the 3’ end of the upstream gene, Intergenic 

Region (IGR), and a Gene Start (GS) region for the downstream 5’ gene. The GE region 

contains a signal directing the vRdRp to terminate transcription and a stretch of U 

residues that act as a template for polyadenylation of mRNA by a mechanism that 

involves stuttering by vRdRp. After termination of transcription, vRdRp remains 

attached to the genome and reinitiates the transcription as directed by the sequences at 

the downstream of the GS site, which also directs the addition of methylated 5’ guanine 

cap to the nascent mRNA. This stop-start mechanism is not perfect, and there is more 

chance for the genes located in the 3’ region to get transcribed compared to the genes 

located away from the 3’ end. mRNA production is inversely proportional to the 

distance from the 3’ end of the genome, and this gradient of gene expression is 

maintained throughout the infection (29, 30). So N mRNAs are found more than the L 

mRNA. Initiation at downstream GS sites depends on termination at the upstream GE 

site. Conserved sequences at the gene borders control the stop and reinitiation of the 

transcription of individual paramyxovirus genes (8). Like henipavirus, morbillivirus, 

and respirovirus, JPV has a conserved trinucleotide IGR sequence. Paramyxovirus 

RNA is required to be bound by a helical nucleocapsid to be infectious. Most 

paramyxoviruses replicate efficiently only if they are a multiple of six nucleotides in 

length. It is because each nucleocapsid protein associates with precisely six nucleotides 

to form a helical nucleocapsid core that serves as the template for RNA synthesis (31). 

At 18,954 nt, the JPV genome adheres to this “rule of six.” All paramyxovirus governed 
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by the rule of six edit their P gene (17, 32–35). The RNA genome of JPV contains eight 

open reading frames (ORF), but codes for 11 viral proteins. The unedited P mRNA 

encodes phosphoprotein, but edited P mRNA codes for C, V and W proteins. V protein 

of paramyxovirus is thought to be important in viral pathogenesis by blocking IL-6 

signaling and interferon expression by degrading Signal Transducer and Activator of 

Transcription, STAT1 (36–41). Like other Paramyxovirus V protein, V protein of JPV 

and BeiPV interacts with the melanoma differentiation-associated protein 5 (mda5) and 

inhibits mda5-dependant activation of IFN-β promoter. In contrast to other 

paramyxoviruses, JPV and BeiPV V protein did not interact or impede STAT signaling, 

suggesting these two viruses included in the proposed Jeilongvirus genus have a V 

protein-independent strategy to target STAT (42). 

 

Functions of Small Hydrophobic Protein  

 

PIV5, Mumps virus, J paramyxovirus, Metapneumoviruses, and Respiratory Syncytial 

Virus (RSV) contain SH gene (5, 7, 43, 44). PIV5 SH is a type II membrane protein 

with 44 amino acids located between the F and HN genes (44, 45). A recombinant PIV5 

lacking the coding region of SH (rPIV5ΔSH) had no growth defect in tissue culture 

cells, but it induced more apoptosis in both MDBK and L929 cells through a TNF-α-

mediated extrinsic apoptotic pathway (2, 3). Mumps SH protein is a type I membrane 

protein with 57 amino acids, and SH is not essential for the in vitro growth of Mumps 

virus (46). Even though there is no sequence homology between PIV5 SH and Mumps 

SH, replacement of PIV5 SH with Mumps SH did not change the functional properties 
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of the protein (5). RSV, a member of family Pneumoviridae, also encodes SH protein. 

RSV lacking SH (RSVΔSH) was viable and exhibited similar growth pattern of 

wildtype RSV (47, 48). RSVΔSH infection resulted in increased apoptosis in A549 

cells and L929 cells (7). The function of the SH gene in blocking TNF-α-mediated 

apoptosis was described previously in MuV, PIV5, RSV, and JPV-LW. Deletion of the 

SH protein of these viruses did not affect the replication and gene expression in vitro 

(2–7). Recently it was reported that MuV SH inhibits TNF-α, IL-1β and NF-κB 

activation by interacting with TNF-R1, IL-1R1 and TLR3 complexes (49). These 

findings suggest the role of SH in evading the host immune response. The function of 

SH protein has not been studied in a suitable pathogenic animal model. PIV5 lacking 

SH was attenuated compared to wild-type in STAT1 KO mice (2). But STAT1 KO 

model is not ideal to study viral pathogenesis because PIV5 V protein targets STAT 1 

for degradation. Laboratory mouse is not a perfect model to study RSV and MuV 

pathogenesis. Role of RSV SH in pathogenicity was previously reported. RSV lacking 

SH expression was attenuated in Chimpanzee and mice  (50–52).  

Similarly, MuV lacking SH expression was attenuated with reduced neurovirulence in 

neonatal rat intracerebral infection model (6). Poor systemic replication of MuV was 

the major limitation in using this model for pathogenesis studies.  JPV SH is located 

between the F and TM genes. It is a type I membrane protein with 69 amino acid 

residues, a predicted N-terminal ectodomain of 5 residues, a transmembrane domain of 

23 residues, and a C-terminal cytoplasmic domain of 41 residues. The function of JPV 

SH protein was studied previously using JPV-LW and revealed the apoptosis blocking 

function of SH. JPV-LW strain with its SH ORF replaced with the ORF of Renilla 
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luciferase (RLuc) had no growth defect in Vero cells (4, 17). Due to the lack of 

pathogenicity of JPV-LW in mice, no difference in terms of mortality or morbidity  

were seen between mice infected with JPV-LW and recombinant JPV-LW virus 

lacking SH. 

 

TNF-α-mediated extrinsic apoptotic pathway 

 

TNF-α is a member of the TNF family, identified in the 1980s by its activity in killing 

tumor cells in vitro and in vivo (53). TNF-α binds to tumor necrosis factor receptor 1 

(TNFR1) on the cell surface and activates pathways that lead to apoptosis (Fig 2.2) or 

pathways that lead to the activation of NF-κB (cell survival signaling) and subsequent 

production of anti-apoptotic proteins. In addition to the TNF-α pathway, binding of Fas 

to Fas Ligand (FasL) or TNF-related apoptosis-inducing ligand (TRAIL) to its 

receptors (DR4/DR5) also induces the activation of caspases responsible for the 

extrinsic apoptotic pathway (54). Upon binding of TNF-α with its receptor, TNFR1 

interacts with TRADD through DD domain in its cytoplasmic domain. RIP1, TRAF2/5, 

and cIAP1/2 are recruited to TNFR1 through interaction with TRADD and forms a 

Complex 1. Complex 1 is endocytosed and dissociated from the TNFR1, which leads 

to the transduction of the death signal and activation of the caspase pathway. cIAP1/2 

which signals cell survival detaches from TNFR1 leads to the recruitment of FADD, 

caspase-8, and caspase-10 to form Complex 2a. Complex 2a further activates the 

downstream effector caspases through a mitochondria-dependent pathway and leads to 

the activation of caspase-3 and caspase-7, and results in the programmed cell death 
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(55). TNF-α also signals cell survival through a canonical NF-κB pathway. For the 

activation of this pathway Complex 1 remains in the cell membrane and cIAP1/2 is not 

degraded. RIP1 and TRAF2/5 are polyubiquitinated and provide a ubiquitin-binding 

site for NF-kappa-B essential modulator (NEMO)/inhibitor of nuclear factor kappa-B 

kinase subunit gamma (IKK-γ) leading to the recruitment of TAK1 (56, 57). TAK1 

activates NF-κB through the phosphorylation of NF-κB inhibitor I-κB (58). 

 

Reverse genetic system of JPV 

 

Development of a reverse genetic system of RNA viruses provided an efficient tool for 

genetic manipulation of viruses to study the functions of viral proteins and to study the 

pathogenesis. The reverse genetic system helps to recover infectious virus from a 

cDNA copy of non-segmented negative-sense single-stranded Virus (NNSV). Reverse 

genetics for paramyxovirus was first established in Measles Virus (MeV). Insertion of 

an additional ORF into the MeV genome did not reduce the infectivity of the virus (59). 

The reverse genetic system of NNSV involves the construction of a plasmid containing 

the viral anti-genome, and helper plasmids containing the N, P and L genes. Plasmids 

expressing these viral proteins are transfected into cells together with a plasmid 

encoding the full-length viral genome. All plasmids used for transfection are under the 

control of a T7 promoter. T7 polymerase is a bacteriophage-derived RNA polymerase 

used for the protein expression due to its high transcription efficiency and promoter 

specificity (60). 
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Reverse genetic system for JPV has been established for JPV-LW and JPV-BH strains 

(1, 4). A complete cDNA of the full-length JPV genome was constructed from plasmids 

carrying JPV genes for N, P, M, F, SH, TM, G, and L. genes together with leader and 

trailer sequences were cloned into a backbone plasmid from a parainfluenza virus 5 

(PIV5) infectious cDNA clone (61). A plasmid with the full-length genome of JPV, 

together with helper plasmids carrying N, P and L genes were used to transfect 293-T 

cells. Transfected cells were later co-cultured with Vero cells to rescue recombinant 

JPV. JPV expressing Enhanced Green Fluorescent Protein (EGFP) was also viable and 

showed strong fluorescent signals in Vero cells (1, 4, 16). A schematic representation 

of the reverse genetics of JPV-BH is shown in Figure 2.3. 

 

Importance of studying JPV and other Jeilongviruses 

 

Extensive studies on Jeilongviruses have not been done yet. Recently, many other 

rodent paramyxoviruses with similar genome structure and phylogenetic relationship 

with JPV, BeiPV, and TlmPV were sequenced. Pohorje Myodes paramyxovirus 1 

(PMPV-1) was found in the kidney and lung of a bank vole (Myodes glareolus) in 

Slovenia. Mount Mabu Lophuromys paramyxovirus 1 (MMLPV-1) and Mount Mabu 

Lophuromys paramyxovirus 2 (MMLPV-2) were isolated from the kidney of a Rungwe 

brush-furred rat (Lophuromys machangui), captured in Mozambique (62). At 20,148 

nucleotides, PMPV-1 is the largest mammalian paramyxovirus genus sequenced to 

date. MMLPV-1 and MMLPV-2 lack the SH gene but have sequence similarity to JPV. 

(44.31% and 52.55%, respectively). PMPV-1 has 51.51% sequence similarity with 
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TlmPV. MMLPV-1, MMLPV-2, and PMPV-1 genomes contain a putative RNA 

editing site (TTAAAAAAGGCA) within their P gene.  This RNA editing sequence 

matches a conserved motif sequence (YTAAAARRGGCA) found in JPV, TlmPV, and 

BeiPV. Comparison of the genome of jeilongviruses is shown in Figure 2.4.  

Jeilongviruses were not clustered with other unclassified paramyxoviruses like Black 

vole virus, Mossman virus, Nariva virus, and Tupaia paramyxovirus (11, 13, 63, 64). 

The large genome size of jeilongviruses can be attributed to the presence of SH and 

TM genes, as well as the large size of the G gene of these viruses. JPV, BeiPV, TlmPV, 

Rodent PV, MMLPV-1, MMLPV-2, and PMPV-1 have large G genes compared to 

other paramyxoviruses. G protein is involved in facilitating the cell entry by interacting 

with specific receptors in the cell membrane. This variation in the sizes of G protein 

and the presence of ORF-X in JPV, BeiPV, and TlmPV suggests that jeilongviruses 

utilize a wide variety of receptors to gain entry into the cells. This also indicates the 

evolutionary adaptation of jeilongviruses to infect multiple hosts. RNA sequences of 

Jeilongviruses are isolated from bats (65), demonstrating its zoonotic potential, as bats 

are the natural reservoirs of emerging zoonotic viruses like Ebola (66), SARS-CoV 

(67) and zoonotic paramyxoviruses like Nipah (68, 69) and Hendra (70).  Investigations 

on JPV is critical because of following reasons: 1) a human pathogenic Jeilongvirus 

could emerge in the future, so knowledge about the pathogenic mechanism of this class 

of virus is essential 2) JPV is an excellent candidate to study the functions of the small 

hydrophobic (SH) protein of paramyxoviruses, 3) TM protein is unique for 

jeilongviruses, and it is the only paramyxovirus protein known for its role in cell-to-

cell fusion, but not essential in virus-to-cell fusion, 4) Presence of JPV specific 
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antibodies in many species and the large genome size of JPV makes it a possible vector 

for expressing foreign genes, suggesting the potential use of JPV as a vaccine vector.  
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Figure 2.1.  Schematic diagram of the JPV genome. Modified from Jack et al., 2008 

(15) 
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Figure 2.2.  TNF-α mediated extrinsic apoptotic pathway. Modified from Ghatage et 

al., 2012 (71) 



19 

 

 

 

 

Figure 2.3.  Schematic of the rescue of rJPV-BH. The JPV-BH plasmid containing the 

full-length genome of JPV-BH, a plasmid expressing T7 polymerase, and three helper 

plasmids encoding the N, P, and L proteins, respectively were cotransfected into 

HEK293T cells. HEK293T cells were co-cultured with Vero cells. Plaque assays 

performed on Vero cells were used to obtain single clones of recombinant JPV-BH 

strains. Modified from Li et al., 2013 (1). 
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Figure 2.4. Genome organization of jeilongviruses. The genome of all known 

jeilongviruses was compared with a Hendra virus genome (HeV). Modified from 

Vanmechelen et al., 2018 (62). 
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CHAPTER 3 

ROLE OF SMALL HYDROPHOBIC PROTEIN OF J PARAMYXOVIRUS IN 

VIRULENCE1 
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Abstract 

J paramyxovirus (JPV) was first isolated from moribund mice with hemorrhagic 

lung lesions in Australia in 1972. It is a paramyxovirus classified under the newly 

proposed genus, Jeilongvirus. JPV has a genome of 18,954 nucleotides, consisting of 

eight genes in the order 3’-N-P/V/C-M-F-SH-TM-G-L-5’. JPV causes a little 

cytopathic effect (CPE) in tissue culture cells but severe disease in mice. The small 

hydrophobic (SH) protein is an integral membrane protein encoded by many 

paramyxoviruses such as mumps virus (MuV) and respiratory syncytial virus (RSV). 

However, the function of SH has not been defined in a suitable animal model. In this 

work, the functions of SH of JPV, MuV, and RSV have been examined by generating 

recombinant JPV lacking the SH protein (rJPV-ΔSH-EGFP) or replacing SH of JPV 

with MuV SH (rJPV-MuVSH) or RSV SH (rJPV-RSVSH). rJPV-ΔSH-EGFP, rJPV-

MuVSH, and rJPV-RSVSH were viable and had no growth defect in tissue culture 

cells. However, more tumor necrosis factor-alpha (TNF-α) was produced during rJPV-

ΔSH-EGFP infection, confirming the role of SH in inhibiting TNF-α production. rJPV-

ΔSH-EGFP induced more apoptosis in tissue culture cells than rJPV, rJPV-MuVSH, 

and rJPV-RSVSH, suggesting that SH plays a role in blocking apoptosis. Furthermore, 

rJPV-ΔSH-EGFP was attenuated in mice compared to rJPV, rJPV-MuVSH, and rJPV-

RSVSH, indicating that the SH protein plays an essential role in virulence. We 

investigated the functions of MuV SH and RSV SH and found that their functions are 

similar to that of JPV SH even though they have no sequence homology.  
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Importance 

Paramyxoviruses are associated with many devastating diseases in animals and 

humans. J paramyxovirus (JPV) was isolated from moribund mice in Australia in 1972. 

Newly isolated viruses such as Beilong virus (BeiPV) and Tailam virus (TlmPV) have 

similar genome structure of JPV. A new paramyxovirus genus, Jeilongvirus, which 

contains JPV, BeiPV, and TlmPV, has been proposed. Small hydrophobic (SH) protein 

is present in many paramyxoviruses. Our present study investigates the role of SH 

protein of JPV in pathogenesis in its natural host. Understanding the pathogenic 

mechanism of Jeilongvirus is important to control and prevent a disease outbreak that 

could emerge from this group of viruses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

Introduction 

 

J Paramyxovirus (JPV) is a member of genus Jeilongvirus of the 

Paramyxoviridae family. Jeilongvirus is a newly proposed genus which includes 

paramyxoviruses isolated from rodents or as a contaminant from rodent cell culture 

(11, 21). JPV was first isolated in northern Queensland, Australia in 1972. Extensive 

hemorrhagic lung lesions were reported in mice from which the virus was isolated. JPV 

produced characteristic syncytia in kidney autoculture monolayers, and electron 

microscopy of the virus revealed the herringbone-shaped nucleocapsid typical of 

paramyxoviruses (10). The full-length genome of JPV was sequenced and contains 

18,954 nucleotides and eight genes in the order 3'-N-P/V/C-M-F-SH-TM-G-L-5'. JPV 

encodes integral membrane proteins, small hydrophobic (SH) and transmembrane 

(TM) genes, which are 69 and 258 amino acids (aa), respectively (15). TM is a type II 

glycosylated integral membrane protein, which promotes cell-to-cell fusion (16). JPV 

has a fusion protein (F), which is predicted to be a type I membrane protein. JPV G is 

the largest paramyxovirus attachment protein sequenced to date. The G gene encodes 

a putative 709 aa residue attachment protein and a distal second open reading frame 

termed, ORF-X, which has not yet been detected in infected cells. Nucleotide probes 

specific to both the G-coding and ORF-X regions identified a mRNA species matching 

to the G gene (15, 17). Beilong virus (BeiPV) and Tailam virus (TlmPV) are also 

included in the same proposed genus due to the identical genome organization and 

isolation from a rodent source. BeiPV was isolated from rat and human mesangial cell 

lines. TlmPV was isolated from Sikkim rats (Rattus andamanensis). Genomic and 

phylogenetic evidence supports the grouping of these viruses within the new genus 
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Jeilongvirus (11–13). Jeilongviruses are isolated from bats (65), demonstrating its 

zoonotic potential, as bats are the natural reservoirs of zoonotic paramyxoviruses like 

Nipah and Hendra viruses. 

There are two different strains of JPV: JPV-LW and JPV-BH. JPV-LW is not 

pathogenic in mice, but JPV-BH is highly pathogenic in mice. Replacing the L gene of 

JPV-BH with the L gene of JPV-LW resulted in attenuation in mice, confirming the 

role of L gene in viral pathogenesis (1). These findings demonstrated that JPV-BH 

could be used as a model to study the pathogenic mechanisms of Jeilongviruses. 

Some paramyxoviruses express the SH protein during infection. Parainfluenza 

virus 5 (PIV5), mumps virus (MuV), metapneumoviruses, and respiratory syncytial 

virus (RSV) contain the SH gene (7, 43, 44, 72). PIV5 SH is a type II membrane protein, 

contains 44 aa, and is located between the F and HN genes (44, 45). A recombinant 

PIV5 lacking the coding region of SH (rPIV5ΔSH) had no growth defect in tissue 

culture cells, but it induced more apoptosis in both MDBK and L929 cells through a 

tumor necrotic factor-α (TNF-α)-mediated extrinsic apoptotic pathway (2, 3). MuV SH 

protein is a type I membrane protein with 57 aa, and SH is not essential for the in vitro 

growth of MuV (46). Although there is no sequence homology between PIV5 SH and 

MuV SH, MuV SH was able to functionally replace PIV5 in cell culture (72). RSV, a 

member of the family Pneumoviridae, also encodes SH protein. RSV lacking SH 

(RSVΔSH) was viable and exhibited similar growth pattern as wild-type RSV (47, 48). 

RSVΔSH infection caused more apoptosis in A549 cells and L929 cells (7). JPV SH is 

located between the F and TM genes. It is a type I membrane protein with 69 amino 

acid residues, a predicted N-terminal ectodomain of 5 residues, a transmembrane 
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domain of 23 residues, and a C-terminal cytoplasmic domain of 41 residues. JPV SH 

has no sequence similarity with any other paramyxovirus SH but has a similar 

hydrophilicity profile of the SH proteins of MuV and RSV (17). The function of JPV 

SH protein was studied previously using JPV-LW and revealed the apoptosis blocking 

function of SH. JPV-LW strain with its SH open reading frame (ORF) replaced with 

the ORF of Renilla luciferase (RLuc) had no growth defect in Vero cells (73). Due to 

the lack of pathogenicity of JPV-LW in mice, no difference in terms of mortality or 

morbidity were seen between mice infected with JPV-LW and recombinant JPV-LW 

virus lacking SH. Thus, definitive functions of JPV SH in an infection model have been 

not explored.  

Recombinant RSV lacking the expression of SH was attenuated in vivo (50–

52). RSV is a human virus, and the ideal animal model to study RSV pathogenesis is 

the Chimpanzee, so the study of RSV SH in a suitable animal model is difficult. 

Deletion of SH reduced the neurovirulence of MuV in a newborn rat intracerebral 

infection model (6), but MuV poorly replicates in this animal model and does not cause 

disease. Lack of an ideal animal disease model simulating the mode of natural infection 

prevented studies to elucidate the role of SH in viral pathogenesis. 

Since JPV-BH is pathogenic in its natural host, we used laboratory mice to 

compare the pathogenicity of JPV mutant viruses to study the role of JPV genes in 

pathogenesis. In this work, we replaced the ORF of SH gene of JPV-BH with an 

enhanced green fluorescent protein (EGFP) without changing the gene start (GS) and 

gene end (GE) regions of the transcriptional unit. Similarly, we made recombinant 

chimera viruses, rJPV-MuVSH and rJPV-RSVSH, by replacing the SH of JPV-BH 



27 

 

with the SH of MuV or RSV. The role of the SH gene in pathogenesis was studied for 

the first time in the natural host of a virus. 

 

Materials and methods 

Cells 

Human Embryonic Kidney 293T (HEK293T, ATCC, CRL-1573), mouse fibroblast 

L929 cells (ATCC N° CCL-1), and Vero cells (ATCC) were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 

IU/ml penicillin, and 100 μg/ml streptomycin. All cells were incubated at 37oC in 5% 

CO2. Cells infected with viruses were grown in DMEM containing 2% FBS. Vero cells 

were used to perform plaque assays. 

 

Mice 

 6-week-old, female, BALB/c mice (Envigo) were used for the studies. Mice were 

infected with JPV in enhanced Biosafety Level 2 facilities in HEPA-filtered isolators. 

All animal experiments were performed in accordance with the national guidelines 

provided by “The Guide for Care and Use of Laboratory Animals” and the University 

of Georgia Institutional Animal Care and Use Committee (IACUC). The Institutional 

Animal Care and Use Committee (IACUC) of the University of Georgia approved all 

animal experiments. 
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Construction of SH recombinant JPV plasmids 

 In this work, we are exclusively using the JPV-BH backbone. Hence, JPV-BH is 

referred to as JPV. Construction of a recombinant JPV plasmid with a PvuI restriction 

site at the N gene was previously described (1). By using standard molecular biology 

techniques, the ORF of the SH gene was replaced by an enhanced green fluorescent 

protein (EGFP) gene. The construct lacking the SH gene and containing the EGFP gene 

was designated as pJPV-ΔSH-EGFP plasmid. Similarly, the SH ORF of JPV was 

replaced with the ORFs of MuV SH or RSV (A2 strain) SH to generate pJPV-MuVSH 

and pJPV-RSVSH respectively. 

 

Virus rescue and sequencing 

To generate viable recombinant JPV without a SH gene (rJPV-ΔSH-EGFP), a full 

length pJPV-ΔSH-EGFP plasmid, a plasmid expressing T7 polymerase (pT7P), and 

three plasmids encoding the N, P, and L proteins of JPV (pJPV-N, pJPV-P, and pJPV-

L) were co-transfected into HEK293T cells at 95% confluency in a 6-cm plate with 

Jetprime (Polypus-Transfection, Inc., New York, NY). The amount of plasmids used 

were as follows: 5 μg of full-length pJPV-ΔSH-EGFP plasmid, 1 μg of pT7P, 1 μg of 

pJPV-N, 0.3 μg of pJPV-P, and 1.5 μg of pJPV-L. Two days post-transfection, 1/10th 

of the HEK293T cells were co-cultured with 1 x 106 Vero cells in a 10-cm plate. Seven 

days after co-culture, media were centrifuged to remove the cell debris, and the 

supernatant was used for plaque assay in Vero cells to obtain single clones of 

recombinant JPV-ΔSH. Vero cells were used to grow the plaque-purified virus. Also, 

full-length pJPV-MuVSH and pJPV-RSVSH plasmids were used to rescue the SH 
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chimera viruses, rJPV-MuVSH and rJPV-RSVSH. The full-length genomes of plaque-

purified rJPV-ΔSH-EGFP, rJPV-MuVSH, and rJPV-RSVSH viruses were sequenced. 

Total RNA of rJPV-ΔSH-EGFP-, rJPV-MuVSH- and rJPV-RSVSH- infected Vero 

cells were purified using the RNeasy minikit (Qiagen, Valencia, CA). cDNA was 

prepared by using random hexamers. PCR amplification of cDNA with primers 

MA12F and MA09R was used to identify rJPV-ΔSH-EGFP, rJPV-MuVSH, and rJPV-

RSVSH. In addition, sequences of all primers used for sequencing the whole genome 

of rJPV-ΔSH-EGFP, rJPV-MuVSH, and rJPV-RSVSH are available upon request. 

DNA sequences were determined by an Applied Biosystems sequencer (ABI, Foster 

City, CA). 

 

Fluorescence microscopy 

 To confirm the rescue of JPV-ΔSH-EGFP, Vero cells were mock infected or infected 

with rJPV or JPV-ΔSH. At 2 days post infection (d.p.i), the cells were photographed 

using a Nikon FXA fluorescence microscope to look for EGFP expression. Lack of SH 

in rJPV-ΔSH-EGFP was confirmed by immunofluorescence assay. Vero cells were 

mock infected or infected with rJPV or JPV-ΔSH-EGFP. At 2 d.p.i, cells were washed 

with phosphate-buffered saline (PBS) and fixed with 0.5% formaldehyde. The cells 

were permeabilized with 0.1% PBS-saponin solution and were incubated for 30 min 

with polyclonal anti-F or -SH rabbit serum at a 1:100 dilution (Genescript USA, Inc., 

Piscataway, NJ) and then Phycoerythrin (PE)-labelled goat anti-rabbit antibody was 

added to the cells. The cells were incubated for 30 min and were examined and 

photographed using a Nikon FXA fluorescence microscope. 
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To detect the NF-κB P65 subunit, L929 cells on coverslips were mock infected or 

infected with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-RSVSH at an MOI of 5. 

At 1 d.p.i, cells were washed with PBS and then fixed with 1% formaldehyde for 15 

min at room temperature. Cells were permeabilized using 0.1% Triton-X 100 for 10 

min. Cells were washed 3 times with PBS. Anti-mouse JPV N monoclonal antibody 

conjugated with Zenon™ Allophycocyanin Mouse IgG2a (Thermofisher Scientific) 

was used to stain cells for 1h. The cells were washed with PBS and then incubated for 

1h in a 1:100 dilution of rabbit monoclonal antibody specific for the p65 subunit of NF-

κB. Cells were washed with PBS and incubated with goat anti-rabbit Cy3 for 1h. The 

cells were washed 3 times with PBS and stained with DAPI for 10 min. ProLong® 

Gold Antifade Mountant (Life technologies) was applied directly to the fluorescently-

labeled cells. Fluorescence was examined and photographed using a Nikon FXA 

fluorescence microscope and a Nikon Eclipse Ti confocal microscope. Nuclear 

translocation of p65 was assessed based on the colocalization of anti-rabbit Cy3 into 

the DAPI region. Colocalization was expressed in terms of Mander's overlap 

coefficient using Nikon NIS-Elements software. 

 

Electron Microscopy 

 rJPV and rJPV-ΔSH-EGFP were grown in Vero cells and concentrated in a 20% 

sucrose gradient. Concentrated JPV dissolved in PBS were adsorbed onto parlodion-

coated grids for 30s. Grids were washed with Tris-buffered saline (TBS) and then 

stained with 2% phosphotungstic acid, pH 6.6. These grids were then examined using 

a JEOL 1230 transmission electron microscope (JEOL, Tokyo, Japan). 
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Growth Kinetics 

Vero cells in 6-well plates were infected with rJPV, JPV-ΔSH-EGFP, rJPV-MuVSH, 

or rJPV-RSVSH at an MOI of 0.1 or 5. The cells were then washed with PBS and 

maintained in DMEM-2% FBS. The medium was collected at 0, 24, 48, 72, 96, and 

120 hours post infection (h.p.i). The titers were determined by plaque assay on Vero 

cells. 

 

Detection of viral protein expression 

 Expression of N and F in the virus-infected cells was compared. L929 cells in the six-

well plates were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at an MOI 

of 5. The cells were collected at 2 d.p.i and fixed with 0.5% formaldehyde for 1 h. The 

fixed cells were resuspended in FBS-DMEM (50:50) and permeabilized with 70% 

ethanol overnight. The cells were washed once with PBS and then incubated with 

mouse anti-N monoclonal antibody or mouse anti-F monoclonal antibody in PBS-1% 

BSA (1:200) for 1 h at 4oC. The cells were stained with APC Goat anti-mouse IgG 

from Biolegend (1:500) for 1 h at 4oC in the dark and then washed once with PBS-1% 

BSA. The fluorescence intensity was measured with a flow cytometer (Becton 

Dickinson LSR II). 

To perform immunoblotting, Vero cells in a 6-well plate were mock infected or infected 

with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-RSVSH at an MOI of 1. At 2 

d.p.i, cells were lysed with whole-cell extraction buffer (WCEB: 50 mM Tris-HCl 
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[pH8], 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, and 10% glycerol). 

The lysates were run on SDS-PAGE gels and immunoblotted with primary antibody 

(anti-JPV SH, anti-MuV SH, anti-RSV SH, or anti-JPV N) and corresponding 

secondary antibodies conjugated to Cy3. 

 

Enzyme-linked immunosorbent assay (ELISA) for TNF-α 

 L929 cells were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-

MuVSH or rJPV-RSVSH at an MOI of 5. The medium was collected at 24 h, 48 h, and 

72 h.p.i. The amounts of TNF-α were measured by using a mouse TNF-α detection kit 

(R&D Systems Inc. Minneapolis, MN, USA) according to the manufacturer's 

instructions. Fifty μl of the medium from infected cells, standards, or controls were 

mixed with 50 μl of assay diluent and added to strips pre-labeled with an antibody 

against TNF-α. The strips were incubated at room temperature for 2 h. After the strips 

were washed five times with wash buffer provided by the manufacturer, 100 μl of a 

polyclonal antibody specific for mouse TNF-α conjugated to horseradish peroxidase 

was added, and they were incubated at room temperature for 2 h. The strips were then 

washed five times, and 100 μl of tetramethylbenzidine substrate solution was added to 

each well. The strips were incubated in the dark at room temperature for 30 min, and 

100 μl of stop solution was added to each well. The optical density at 450 nm was 

measured within 30 min. The amounts of TNF-α were calculated using standard curves 

generated from known concentrations of TNF-α provided by the manufacturer. 
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To measure the amount of TNF-α in serum, 50 μl of sera, standards, or controls were 

mixed with 50 μl of assay diluent and added to strips pre-labeled with an antibody 

against TNF-α. ELISA was then performed as described above. 

 

Apoptosis assay 

 Confluent L929 cells were mock infected or infected with rJPV or rJPV-ΔSH-EGFP 

at an MOI of 5. At 2 d.p.i, cells were washed twice with PBS without Mg2+ or Ca2+ and 

incubated in 0.5 ml of TTE buffer (0.2% Triton X-100, 10 mM Tris, 15 mM EDTA, 

pH 8.0) at room temperature for 15 min. Cell lysates were harvested and centrifuged at 

14,000 rpm for 20 min. Supernatants were digested with 100 μg of RNase A/ml at 37°C 

for 1 h. Samples were purified by phenol-chloroform extraction, precipitated, and 

washed with 70% ethanol. Pellets were air dried and resuspended in 10 μl of Tris-

EDTA. Electrophoresis was performed on 2% agarose gels with size markers. 

For apoptosis assay, Pacific Blue™ Annexin V Apoptosis Detection assay with 7-

amino-actinomycin D (7-AAD) from Biolegend (San Diego, CA, USA) was used. 

L929 cells were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-

MuVSH, or rJPV-RSVSH at an MOI of 5. At 2 d.p.i, cells were trypsinized and 

combined with floating cells in the medium. Cells were washed twice with cold 

BioLegend's Cell Staining Buffer and then resuspended in Annexin V Binding Buffer 

at a concentration of 0.25-1.0 x 107 cells/ml.  One-hundred µl of cell suspension was 

then transferred to a 5 ml test tube and mixed with 5 µl each of Pacific Blue™ Annexin 

V and 7-AAD Viability Staining Solution. Cells were then vortexed and incubated for  
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15 min at room temperature (25°C) in the dark. The cells were analyzed by flow 

cytometry (Becton Dickinson LSR II). 

 

Antibody treatment of infected cells 

Confluent L929 cells were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at 

an MOI of 5 and were incubated in 0.5 ml of DMEM-2% FBS with neutralizing 

antibody against TNF-α (BD Pharmingen, San Jose, CA) or isotype control at 30 μg/ml. 

At 2 d.p.i, the cells were photographed using a light microscope, and an apoptosis assay 

was performed as described above. 

 

Infection of mice with JPV 

 All animal experiments were carried out strictly following the protocol approved by 

the University of Georgia IACUC. To study the pathogenesis of JPV in animals, 6-

week-old, female,  BALB/c mice (Envigo) were infected with 100 μl of PBS or 106, 

6x105, or 2x105 PFU each of rJPV or rJPV-ΔSH-EGFP, intranasally. The weight of the 

mice was monitored for up to 14 d.p.i.  

To study the pathogenesis of rJPV-MuVSH and rJPV-RSVSH, 6-week-old BALB/c 

mice (Envigo) were infected with 100 μl of PBS or 8 x105 of rJPV, rJPV-ΔSH-EGFP, 

rJPV-MuVSH, or rJPV-RSVSH, intranasally. The weight of the mice was monitored 

for up to 14 d.p.i. Blood was collected at 1, 3, 5, and 7 d.p.i to determine the serum 

level of TNF-α. Mice were euthanized at 3 and 7 d.p.i to collect lungs to determine the 

virus titer. 
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Histology studies 

 BALB/c mice from the infection study were euthanized at 3 d.p.i. The lungs were 

inflated with 4% paraformaldehyde and collected. Samples were processed, embedded, 

and sectioned for hematoxylin and eosin (H&E) staining. Interstitial pneumonia was 

scored from 1 (minimal) to 4 (severe) by a board-certified veterinary pathologist 

blinded to the study groups. Photomicrographs were taken using an Olympus BX41 

microscope with an Olympus DP70 microscope digital camera and DP Controller 

imaging software. 

 

Results 

Recovery of recombinant virus rJPV-ΔSH-EGFP  

 To study the function of SH, we replaced the SH coding sequence in a full-length JPV-

BH plasmid with EGFP (Fig. 3.1A). This plasmid, together with three other helper 

plasmids encoding N, P and L proteins, and a plasmid encoding T7 RNA polymerase, 

were co-transfected into HEK293T cells and co-cultured with Vero cells as described 

previously (1). After obtaining the rescued virus, PCR amplification of cDNA with 

primers MA12F and MA09R was used to identify rJPV-ΔSH-EGFP (Fig. 3.1B). 

Expression of EGFP in place of SH ORF was visualized with a fluorescence 

microscope (Fig. 3.1C).  Also, the full-length genome sequence of plaque-purified 

rJPV-ΔSH-EGFP was confirmed by RT-PCR and Sanger sequencing. Recombinant 

virus lacking SH was further confirmed by immunofluorescence assay with antibodies 

against JPV SH and F protein (Fig. 3.1D).  
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Virus morphology and analysis of growth kinetics in vitro 

 To compare the growth kinetics of rJPV and rJPV-ΔSH-EGFP, growth rates at high 

MOI (Fig. 3.2A) and low MOI (Fig. 3.2B) were determined in Vero cells. Vero cells 

were infected with rJPV and rJPV-ΔSH-EGFP at the MOI of 5 and 0.1. The medium 

was harvested at different time points, and titers of virus in media were determined by 

plaque assay. A similar growth pattern was observed for rJPV and rJPV-ΔSH-EGFP. 

There was no difference in the plaque morphology of rJPV and rJPV-ΔSH-EGFP (Fig. 

3.2C). Examination of virions by electron microscopy was not able to detect any 

difference in the structure of rJPV and rJPV-ΔSH-EGFP (Fig. 3.2D). Infection of L929 

cells with rJPV and rJPV-ΔSH-EGFP produced similar levels of N and F proteins (Fig. 

3.2E & 3.2F). 

 

rJPV-ΔSH-EGFP induced more apoptosis in L929 cells than rJPV 

To study the phenotype of rJPV and rJPV-ΔSH-EGFP in L929 cells, confluent cells 

were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at an MOI of 5 (Fig. 

3.3A). At 2 d.p.i, more dead cells were seen with rJPV-ΔSH-EGFP infection.  To 

determine whether there was a difference in the apoptosis of rJPV and rJPV-ΔSH-

EGFP infected cells, we examined cellular DNA fragmentation, a hallmark of 

apoptosis, in rJPV- and rJPV-ΔSH-EGFP- infected L929 cells. DNA was extracted 

from L929 cells infected with rJPV or rJPV-ΔSH-EGFP or mock infected. Extracted 

DNA was resolved by gel electrophoresis. Fragmented DNA was not visible in mock-

infected cells, but both rJPV- and rJPV-ΔSH-EGFP- infected cells had DNA 

fragmentation. Increased DNA fragmentation was seen in rJPV-ΔSH-EGFP- infected 
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cells (Fig. 3.3B). To quantify the apoptosis induced by rJPV and rJPV-ΔSH-EGFP, we 

performed a Pacific Blue™ Annexin V Apoptosis Detection assay with 7-amino-

actinomycin D (7-AAD) staining. L929 cells were mock infected or infected with rJPV 

or rJPV-ΔSH-EGFP. At 2 d.p.i, apoptotic cells were significantly more in cells infected 

with rJPV-ΔSH-EGFP (Fig. 3.3C).  To investigate the role of SH gene of JPV in the 

production of TNF-α, L929 cells were mock infected or infected with rJPV or rJPV-

ΔSH-EGFP at an MOI of 5. Supernatants were collected at various time points to 

measure the TNF-α production by ELISA. The amount of TNF-α was higher in rJPV-

ΔSH-EGFP- infected cells than in rJPV- infected cells (Fig. 3.3D).  

 

Inhibition of rJPV-ΔSH-EGFP-induced apoptosis by neutralizing anti-TNF-α 

antibody 

To determine the role of TNF-α in apoptosis induced by rJPV and rJPV-ΔSH-EGFP 

infected cells, L929 cells were mock infected or infected with rJPV or rJPV-ΔSH-

EGFP at an MOI of 5. Cells were incubated with DMEM-2% FBS containing no 

antibody, neutralizing antibody against TNF-α, or isotype control at 30 μg/ml. At 2 

d.p.i, cells were examined for CPE. More CPE was seen in cells infected with rJPV-

ΔSH-EGFP than those infected with rJPV. CPE was inhibited in rJPV-ΔSH-EGFP- 

infected cells that were incubated with neutralizing antibody against TNF-α, while 

untreated cells and cells incubated with isotype control induced more CPE (Fig. 3.4A). 

The ability of TNF-α neutralizing antibody to inhibit apoptosis was quantified by flow 

cytometry (Fig. 3.4B). At 2 d.p.i, rJPV-ΔSH-EGFP induced less apoptosis in cells 

treated with TNF-α neutralizing antibody compared to the untreated cells or cells 
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treated with isotype control. Only 11.6% (10.9 - 12.3) of neutralizing antibody-treated 

cells infected with rJPV-ΔSH-EGFP were apoptotic, compared to 31.5% (28.9 - 34.1) 

apoptotic cells in untreated cells and 23.8% (21.4 - 26.2) apoptosis in cells treated with 

isotype control. However, the neutralizing antibody did not cause significant inhibition 

in the apoptosis induced by rJPV. Apoptosis induced by rJPV-ΔSH-EGFP was higher 

than rJPV. These results indicate that SH plays a role in blocking TNF-α-mediated 

apoptosis. 

 

rJPV-ΔSH-EGFP is attenuated in vivo 

BALB/c mice were infected with rJPV or rJPV-ΔSH-EGFP in three different doses at 

106, 6x105, and 2x105 PFU, or 100 μl of PBS intranasally. The mice were monitored 

for 14 days. rJPV infection caused more weight loss (Fig. 3.5A) and mortality (Fig. 

3.5B) than rJPV-ΔSH-EGFP. LD50 values of rJPV and rJPV-ΔSH-EGFP were 

calculated based on the Miller and Tainter method (74) using the back titration titer. 

LD50 values of rJPV and rJPV-ΔSH-EGFP were determined to be 1.76x105 PFU and 

6.7x105 PFU respectively, confirming that JPV-ΔSH-EGFP was attenuated. 

 

Recovery and growth characteristics of the SH chimera viruses, rJPV-MuVSH 

and rJPV-RSVSH 

For a comparative study of the function of the SH gene of JPV, MuV and RSV on 

pathogenicity, recombinant JPV viruses were designed in such a way that the SH ORF 

of full-length JPV plasmid was replaced with the SH of MuV or RSV (Fig. 3.6A). rJPV-

MuVSH and rJPV-RSVSH were rescued and sequenced as described in the Materials 
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and Methods. After obtaining the rescued viruses, PCR amplification of cDNA with 

primers MA12F and MA09R was used to identify rJPV-MuVSH and rJPV-RSVSH 

(Fig. 3.6B). SH proteins in Vero cells infected with rJPV, rJPV-MuVSH, or rJPV-

RSVSH were detected by western blotting. JPV N was detected in all virus-infected  

 

cells (Fig. 3.6C). Both rJPV-MuVSH and rJPV-RSVSH have similar growth pattern as 

rJPV as shown in a low MOI (Fig. 3.6D) and high MOI (Fig. 3.6E) growth curve. 

 

MuV SH and RSV SH reduce the level of apoptosis and TNF-α production 

It was previously shown that the SH of MuV and RSV block apoptosis and the deletion 

of SH from either virus resulted in increased TNF-α production in vitro (6, 7). To 

determine the in vitro effect of rJPV-MuVSH and rJPV-RSVSH infection, L929 cells 

were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-

RSVSH at an MOI of 5. The rJPV-ΔSH-EGFP infection produced a significantly 

higher level of apoptosis (Fig. 3.7A) and TNF-α production (Fig. 3.7B) than any of the 

other recombinant JPV infected groups. Interestingly, rJPV-MuVSH and rJPV-RSVSH 

behaved like wild-type rJPV in terms of apoptosis and TNF-α production. TNF-α 

activates NF-κB and the nuclear translocation of the p65 subunit. It has been previously 

described that rJPV-LW-ΔSH infection increases nuclear translocation of p65. To 

study the effect of JPV SH, MuV SH and RSV SH on p65 nuclear translocation, L929 

cells were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or 

rJPV-RSVSH at an MOI of 5. There were an increased p65 expression and nuclear 

translocation in rJPV-ΔSH-EGFP infected cells compared to the other viruses (Fig. 
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3.7C & 3.7D). These results suggest the functional similarity of SH proteins of JPV, 

MuV, and RSV. 

 

rJPV-MuVSH and rJPV-RSVSH are pathogenic in mice 

MuV SH and RSV SH have not been studied in a suitable animal model to determine 

their role in pathogenesis. The rJPV-MuVSH and rJPV-RSVSH were used to infect 

mice to determine their role in pathogenesis. BALB/c mice were intranasally infected 

with 100 μl of PBS or 8 x 105 PFU of rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-

RSVSH. Mice were monitored for 14 days. rJPV, rJPV-MuVSH, and rJPV-RSVSH 

infection resulted in greater weight loss (Fig. 3.8A) and mortality (Fig. 3.8B) than 

rJPV-ΔSH-EGFP. However, weight loss and mortality induced by infection with rJPV-

MuVSH was intermediate between that induced by rJPV-ΔSH-EGFP and that induced 

by rJPV or rJPV-RSVSH. High virus load was observed in mice infected with rJPV, 

rJPV-MuVSH and rJPV-RSVSH at 3 d.p.i, but interestingly, no difference was 

observed in the virus loads between the groups at 7 d.p.i (Fig. 3.9A). Increased serum 

levels of TNF-α were detected in rJPV-ΔSH-EGFP-infected animals (Fig. 3.9B), 

suggesting that SH plays a role in reducing the production of TNF-α in JPV-infected 

animals. Reduced weight loss and a higher survival rate in rJPV-ΔSH-EGFP-infected 

mice was supported by histopathology, which showed less interstitial pneumonia in the 

lungs of mice infected with rJPV-ΔSH-EGFP (Fig. 3.9C). 
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Discussion 

The families Paramyxoviridae and Pneumoviridae are in the order Mononegavirales, 

which has a non-segmented, negative-stranded RNA genome. Viruses in these two 

families have many similarities in gene order, gene expression strategies, and 

replication. Jeilongvirus is a newly proposed genus under the Paramyxoviridae family, 

which includes rodent viruses like JPV and BeiPV. JPV and BeiPV have similar 

genome organization, and it was previously shown that their genome replication 

machinery could be interchanged (17, 21). Unlike other paramyxoviruses, the 

inhibition of STAT1 translocation by JPV and BeiPV is V protein-independent, 

supporting the inclusion of these viruses in a new genus (42). The presence of two 

additional membrane proteins, SH and TM, in the genome of JPV, TlmPV, and BeiPV 

makes these viruses unique in comparison to other paramyxoviruses (11, 12, 17).  At 

present, very little is known about Jeilongviruses. JPV antibodies have been detected 

in wild mice, wild rats, pigs, and humans (10), suggesting a wide host range of JPV. 

JPV can cause severe disease in laboratory mice (1), which makes JPV an excellent 

model to study the pathogenesis of Jeilongviruses in vivo.  

The function of the SH gene in blocking TNF-α-mediated apoptosis was described 

previously in MuV, PIV5, RSV, and JPV-LW. Deletion of the SH protein of these 

viruses did not affect the replication and gene expression in vitro (2, 7, 72, 73). 

Recently, it was reported that MuV SH inhibits TNF-α, IL-1β, and NF-κB activation 

by interacting with TNF-R1, IL-1R1 and TLR3 complexes (49). These findings suggest 

the role of SH in evading the host immune response. However, the role of SH protein 

has not been studied in a suitable pathogenic animal model, and the in vivo roles had 
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not been examined. The laboratory mouse is not an ideal model in which to study RSV 

and MuV pathogenesis. The role of RSV SH in pathogenicity has been previously 

reported (50–52). RSV lacking SH expression was attenuated in chimpanzees and mice. 

As RSV is a virus that affects humans, using chimpanzees for studying RSV 

pathogenicity is more relevant but difficult due to the ethical and financial concerns. 

Similarly, MuV lacking SH expression was attenuated with reduced neurovirulence in 

a neonatal rat intracerebral infection model (6). Poor systemic replication of MuV was 

the major limitation in using this model for pathogenesis studies.  As a rodent 

paramyxovirus containing SH, JPV is very suitable to study the functions of SH of 

paramyxoviruses in mice. rJPV-ΔSH-EGFP had no growth defect in tissue culture 

cells. Plaque size and expression of viral proteins were similar in rJPV- and rJPV-ΔSH-

EGFP- infected cells. Cells infected with rJPV-ΔSH-EGFP underwent greater 

apoptosis and TNF-α production. Neutralizing antibodies against TNF-α inhibited the 

apoptosis induced by rJPV-ΔSH-EGFP in L929 cells, confirming the role of SH protein 

in blocking the TNF-α-mediated apoptosis. No significant inhibition in apoptosis was 

seen in rJPV-infected cells incubated with TNF-α neutralizing antibody. Interestingly, 

L929 cells incubated with TNF-α neutralizing antibodies have been reported to inhibit 

the apoptosis induced by rJPV (LW strain)  in a previous study (73). This might be due 

to the increased production of TNF-α and better sensitivity to TNF-α neutralizing 

antibodies in infection with the tissue culture-adapted JPV-LW strain. In contrast, JPV-

BH is not a tissue culture adapted strain, causing less CPE than JPV-LW (1).  

We generated JPV-BH-based SH chimera viruses, rJPV-MuVSH and rJPV-RSVSH, to 

study the functional relationship between the SH of JPV, MuV, and RSV. rJPV-
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MuVSH and rJPV-RSVSH infection in L929 cells resulted in reduced levels of 

apoptosis, inhibition of NF-κB p65 translocation and decreased TNF-α production 

compared to the rJPV-ΔSH-EGFP infection. rJPV-ΔSH-EGFP was attenuated in mice 

with infection resulting in reduced weight loss. The LD50 value of rJPV-ΔSH-EGFP 

was higher than rJPV in infection in BALB/c mice. We also observed increased serum 

levels of TNF-α in rJPV-ΔSH-EGFP-infected animals at 3 d.p.i and 5 d.p.i. The 

increased serum levels of TNF-α correlates with the decreased lung viral load and less 

interstitial pneumonia in rJPV-ΔSH-EGFP-infected animals at 3 d.p.i., suggesting the 

role of increased TNF-α in the attenuation of rJPV-ΔSH-EGFP. It is possible that 

increased TNF-α-mediated apoptosis of cells infected with rJPV-ΔSH-EGFP limited 

the cell-to-cell spread of virus infection and reduced the lung lesions. rJPV-MuVSH 

and rJPV-RSVSH were pathogenic in animals, and for the first time, we have 

demonstrated functions of MuV and RSV SH in an animal model. rJPV-RSVSH 

behaved like rJPV in mouse infection; replacing JPV SH with RSV SH completely 

rescued the JPV SH’s phenotype. Even though there is no sequence homology between 

the JPV SH and the SH of MuV or RSV, the functions of the proteins are similar in a 

mouse model, suggesting that the SH proteins of various paramyxoviruses may have 

structural similarity, and/or that pathways affected by SH proteins are conserved in 

both mice and humans. Interestingly, rJPV-MuVSH was less pathogenic than rJPV-

RSVSH and rJPV, indicating that MuV SH can only partially complement JPV SH 

functions. It is possible that this difference in pathogenicity might be due to the 

difference in the expression of various pro-inflammatory cytokines. Further  
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examination of the viruses in vivo may allow dissection of the different roles of JPV 

and MuV SH in the regulation of various cytokines.  
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Figure 3.1. Recovery of recombinant virus rJPV-ΔSH-EGFP (A) Schematics of rJPV 

and rJPV-ΔSH-EGFP, indicating the location where the ORF of SH was replaced with 

EGFP. (B) To confirm the deletion of SH and the presence of EGFP in rJPV-ΔSH-

EGFP, RT-PCR was performed using primers MA12F and MA09R to amplify the SH 

region. (C) EGFP expression of rJPV-ΔSH-EGFP. Vero cells were mock infected or 

infected with rJPV or rJPV-ΔSH-EGFP at an MOI of 5. At 2 d.p.i., fluorescence was 

examined using a NikonFXA fluorescence microscope (10x magnification). (D) 

Immunofluorescent staining of Vero cells infected with rJPV or rJPV-ΔSH-EGFP. 

Vero cells were mock infected or infected with rJPV or JPV-ΔSH-EGFP. At 2 d.p.i, 

cells were washed with PBS and fixed with 0.5% formaldehyde. The cells were 

permeabilized with 0.1% PBS-saponin solution incubated for 30 min with polyclonal 
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anti-F or -SH rabbit serum at a 1:100 dilution, and PE-labelled with goat anti-rabbit 

antibody. The cells were incubated for 30 min and examined and photographed using 

a Nikon FXA fluorescence microscope. 
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Figure 3.2. Comparison of rJPV and rJPV-ΔSH-EGFP in vitro (A) High MOI growth 

curve of rJPV and rJPV-ΔSH-EGFP. Vero cells in a 6 well plate were infected, in 
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triplicates, with rJPV or rJPV-ΔSH-EGFP at a MOI of 5, and the medium was harvested 

at 24-h intervals. Plaque assays were performed on Vero cells to determine the virus 

titer. (B) Low MOI growth curve of rJPV and rJPV-ΔSH-EGFP. Vero cells in a 6 well 

plate were infected, in triplicates, with rJPV or rJPV-ΔSH-EGFP at a MOI of 0.1, and 

the medium was harvested at 24-h intervals. Plaque assays were performed on Vero 

cells to determine the virus titer. (C) Plaques formed by rJPV and rJPV-ΔSH-EGFP in 

Vero cells. Plaques were stained with 0.5% crystal violet. (D) Morphology of rJPV and 

rJPV-ΔSH-EGFP. Viruses were grown in Vero cells and concentrated in a 20% sucrose 

gradient. Concentrated viruses dissolved in PBS were adsorbed onto electron 

microscopy grids and negatively stained with phosphotungstic acid. Bar, 50 nm. (2E & 

F) Expression of N and F in the virus-infected cells. L929 cells in the six-well plates 

were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at a MOI of 5. The cells 

were collected at 2 d.p.i and fixed with 0.5% formaldehyde for 1 h. The fixed cells 

were resuspended in FBS-DMEM (50:50) and permeabilized with 70% ethanol 

overnight. The cells were washed once with PBS and then incubated with mouse anti-

N monoclonal antibody and mouse anti-F monoclonal antibody. Secondary staining 

was performed using APC Goat anti-mouse IgG and the fluorescence intensity was 

measured with a flow cytometer. Samples are triplicates, and error bars show standard 

errors of the means. 

Statistical significance between groups at each time point was calculated based on two-

way ANOVA to compare the growth kinetics. (P<0.001 ***, P<0.01 **,   P < 0.05 *) 
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Figure 3.3. rJPV-ΔSH-EGFP induced more apoptosis in L929 cells (A) CPE induced 

by rJPV and rJPV-ΔSH-EGFP infection in L929 cells. L929 cells were mock infected 

or infected with rJPV or rJPV-ΔSH-EGFP at a MOI of 5. At 2 d.p.i., the cells were 

photographed. (B) DNA fragmentation assay in rJPV or rJPV-ΔSH-EGFP-infected 

cells. L929 cells were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at an 

MOI of 5. The cells were collected at 2 d.p.i. (C) Induction of apoptosis by rJPV and 

rJPV-ΔSH-EGFP viruses. L929 cells were mock infected or infected with rJPV or 

rJPV-ΔSH-EGFP at an MOI of 5. The cells were collected for Pacific Blue™ Annexin 
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V Apoptosis Detection assay with 7-amino-actinomycin D (7-AAD) at 2 d.p.i. 

Statistical significance was calculated based on student t-test. (D) Concentrations of 

TNF-α produced from rJPV and rJPV-ΔSH-EGFP-infected cells. L929 cells were 

mock infected or infected with rJPV or rJPV-ΔSH-EGFP. The medium was collected 

at different time points after infection. The amounts of TNF-α were measured by 

ELISA. Samples are triplicates, and error bars show standard errors of the means. 

Statistical significance between groups at each time point was calculated based on two-

way ANOVA. (P<0.001 ***, P<0.01 **,   P < 0.05 *) 
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Figure 3.4. Inhibition of rJPV-ΔSH-EGFP-induced apoptosis by neutralizing antibody 

against TNF-α (A) Inhibition of CPE by the neutralizing antibody against TNF-α. L929 

cells were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at an MOI of 5 and 

incubated with no antibody, isotype control (30 μg/ml), or TNF-α neutralizing antibody 

(30 μg/ml) for 2 days. (B) Inhibition of apoptosis by neutralizing antibody against TNF-

α. L929 cells were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at an MOI 

of 5 and incubated with no antibody, control antibody (30 μg/ml), or neutralizing 

antibody (30 μg/ml) for 2 days. Pacific Blue™ Annexin V Apoptosis Detection assay 
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with 7-AAD  was carried out at 2 d.p.i. Error bars show standard errors of the means. 

All infections were performed in triplicates. Statistical significance between groups at 

each time point was calculated based on one-way ANOVA. (P<0.001 ***, P<0.01 **,   

P < 0.05 *) 
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Figure 3.5. rJPV-ΔSH-EGFP is attenuated in BALB/c mice. BALB/c mice in 7 groups, 

each with 8 animals were infected with rJPV or rJPV-ΔSH-EGFP in three different 

doses such as 106, 6x105, and 2x105 PFU or 100 μl of PBS intranasally. (A) Body 

weight loss. Mice were monitored daily, and weight loss was graphed as the average 

percentage of their original weight (on the day of infection). (B) Survival rate (n = 8). 
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Statistical analysis of survival curve was performed based on the log-rank (Mantel-

Cox) test. 
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Figure 3.6. Recovery and growth characteristics of SH chimera viruses, rJPV-MuVSH 

and rJPV-RSVSH. (A) Schematics of  rJPV, rJPV-MuVSH, and rJPV-RSVSH, 

indicating the location where the ORF of JPV SH was replaced with the SH of MuV or 

RSV (B) To confirm the presence of JPV SH, EGFP, MuVSH, and RSVSH in rJPV, 

rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-RSVSH respectively, RT-PCR was 

performed using primers MA12F and MA09R to amplify the SH region. (C) Viral 

protein expression levels of rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, and rJPV-

RSVSH. 6 well plates of Vero cells were mock infected or infected with rJPV, rJPV-
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ΔSH-EGFP, rJPV-MuVSH, or rJPV-RSVSH at an MOI of 1. Cell lysates were 

subjected to immunoblotting with JPV anti-SH, MuV anti-SH, RSV anti-SH, or JPV 

anti-N. (D) Low MOI growth curve of rJPV, rJPV-MuVSH, and rJPV-RSVSH. Vero 

cells were infected with rJPV, rJPV-MuVSH, or rJPV-RSVSH at an MOI of 0.1, and 

the medium was harvested at 24-h intervals. Plaque assay was performed on Vero cells 

to determine the virus titer. (E) High MOI growth curve of rJPV, rJPV-MuVSH, and 

rJPV-RSVSH. Vero cells were infected with rJPV, rJPV-MuVSH, or rJPV-RSVSH at 

an MOI of 5, and the medium was harvested at 24-h intervals. Plaque assay was 

performed on Vero cells to determine the virus titer. Statistical significance between 

groups at each time point was calculated based on two-way ANOVA to compare the 

growth kinetics. (P<0.001 ***, P<0.01 **,   P < 0.05 *) 
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Figure 3.7. MuV SH and RSV SH reduce the level of apoptosis and TNF-α production 

(A) Induction of apoptosis by rJPV-MuVSH and rJPV-RSVSH viruses. L929 cells 

were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-

RSVSH at an MOI of 5. The cells were collected for Pacific Blue™ Annexin V 

Apoptosis Detection assay with 7-AAD at 24 h.p.i and 48 h.p.i. Statistical significance 
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between groups at each time point was calculated based on one-way ANOVA. (B) 

Concentrations of TNF-α produced from rJPV-MuVSH, and rJPV-RSVSH infected 

cells. L929 cells were mock infected or infected with rJPV, rJPV-ΔSH-EGFP, rJPV-

MuVSH, or rJPV-RSVSH at an MOI of 5. The medium was collected at 24 h.p.i, 48 

h.p.i., and 72 h.p.i. The amounts of TNF-α were measured by ELISA. Samples are 

triplicates, and error bars show standard errors of the means. Statistical significance 

between groups at each time point was calculated based on two-way ANOVA. 

(P<0.001 ***, P<0.01 **,   P < 0.05 *) (C) Detection of NF-κB p65 subunit expression 

in L929 cells by IFA. L929 cells were mock infected or infected with rJPV, rJPV-ΔSH-

EGFP, rJPV-MuVSH, or rJPV-RSVSH at an MOI of 5. At 1 d.p.i, cells were fixed and 

stained with Zenon APC conjugated JPV N and anti-p65 antibody followed by staining 

with Cy3- conjugated secondary antibody. DAPI staining was performed with 

ProLong® Gold Antifade Mountant. Pictures were taken at a magnification of 40x. (D) 

Nuclear translocation of NF-κB p65 subunit into the nucleus is expressed in terms of 

Mander's overlap coefficient. 
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Figure 3.8. rJPV-MuVSH and rJPV-RSVSH are pathogenic in mice.  BALB/c mice 

were intranasally infected with 100 μl of PBS or 8 x 105 PFU of rJPV, rJPV-ΔSH-

EGFP, rJPV-MuVSH, or rJPV-RSVSH. (A) Body weight loss. Mice were monitored 

daily, and weight loss was graphed as the average percentage of their original weight 
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(on the day of infection). (C) Survival rate (PBS n= 10, rJPV n= 8, rJPV-ΔSH-EGFP n 

= 9, rJPV-MuVSH, n= 8, rJPV-RSVSH, n= 9). Statistical analysis of survival curve 

was performed based on log-rank (Mantel-Cox) test. 
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Figure 3.9. Infection of BALB/c mice with rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, and 

rJPV-RSVSH. (A) Lung virus titers of mice. BALB/c mice were intranasally infected 

with 100 μl of rJPV, rJPV-ΔSH-EGFP, rJPV-MuVSH, or rJPV-RSVSH at a dose of 8 

x 105 PFU. Mouse lungs were collected at 3 and 7 d.p.i. Virus titers were determined 

by plaque assay on Vero cells. (B) Concentrations of serum TNF-α in infected BALB/c 

mice. Sera were collected from infected animals at different time points after infection. 

Levels of TNF-α were measured using ELISA (n= 4). Statistical significance between 

groups at each time point was calculated based on two-way ANOVA. (P<0.001 ***, 

P<0.01 **,   P < 0.05 *) (C) Histopathology of lungs. Lungs were collected from 

infected and mock-infected animals at 3 d.p.i and stained with H&E. Photomicrographs 

were taken at a magnification of 20x. 
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CHAPTER 4 

A RECOMBINANT J PARAMYXOVIRUS EXPRESSING HEMAGGLUTININ OF 

INFLUENZA A VIRUS H5N1 PROTECTED MICE AGAINST LETHAL HIGHLY 

PATHOGENIC AVIAN INFLUENZA VIRUS H5N1 CHALLENGE2 
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Abstract 

H5N1, an avian influenza virus, is known to circulate in many Asian countries like 

Bangladesh, China, Cambodia, Indonesia, and Vietnam. The current FDA approved 

H5N1 vaccine only has a moderate level of efficacy. A safe and effective vaccine is 

needed to prevent the outbreaks of highly pathogenic avian influenza (HPAI) H5N1 in 

humans. Non-segmented Negative-Strand Viruses (NNSVs) are good candidates for 

vaccine development due to their stability and safety. J Paramyxovirus (JPV) is a non-

segmented negative-strand virus, a member of the proposed genus Jeilongvirus of the 

family Paramyxoviridae. JPV is not known to cause disease in any species other than 

laboratory mouse. However, JPV specific antibodies were detected in humans and pigs. 

JPV has a high replication efficiency in the respiratory tract, so we decided to use JPV 

as a vector of developing an H5N1 vaccine for intranasal delivery. We incorporated 

H5N1 HA into the JPV genome by replacing the small hydrophobic (SH) gene to 

generate a recombinant, rJPV-ΔSH-H5 virus. A single intranasal administration of 

rJPV-ΔSH-H5 protected mice from a lethal HPAI H5N1 challenge. 
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Importance 

HPAI H5N1 outbreak in Southeast Asia destroyed millions of birds. Transmission of 

H5N1 into humans resulted in deaths in many countries. We are developing a novel 

H5N1 vaccine using JPV as a vector. High replication efficiency of JPV in the 

respiratory tract is promising for the development of a protective systemic immune 

response. 
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Introduction 

Influenza A virus causes thousands of hospitalizations and deaths in the United States. 

Influenza viruses are members of family Orthomyxoviridae with negative stranded 

segmented RNA genome. Among influenza viruses, Influenza A viruses are 

responsible for the epidemics in humans, swine and horses, as well as devastating 

outbreaks in poultry (75).  Migratory waterfowl, including ducks, seabirds, or 

shorebirds are the natural hosts of influenza viruses and from where they jump the 

species barrier and cause disease in humans (76). H5N1 HPAI is primarily restricted 

within the poultry species, but it has emerged as a danger for humans by jumping into 

many mammalian hosts. Since 1997 H5N1 HPAI is responsible for 600 human 

infections with more than 300 deaths reported from broad geographical areas including 

Asia, middle-east, and Africa (77). Higher mortality rates and considering the 

possibility of the emergence of more virulent viruses from the avian source, make 

H5N1 viruses a significant public health threat. H5N1 HPAI viruses are not easily 

transmitted among humans or other mammals, but the spread of these viruses into new 

geographical regions and wild bird hosts may produce multiple clades with increased 

genetic diversity through genetic reassortment or antigenic drift. Eradication efforts 

were unsuccessful and led to the emergence of many antiviral resistant strains (78–80). 

The immunogenicity of the FDA approved H5N1 vaccine is low compared to the 

seasonal influenza vaccines. Inactivated virus vaccines given multiple times at a high 

concentration provided only mediocre protection (~50%) in clinical trials (81). 

Non-segmented negative-strand RNA viruses (NNSVs) are widely used as vaccine 

candidates. NNSV genomes are more stable than genomes of positive-stranded RNA 
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viruses. NNSV also do not have the possibility of causing modifications in host cellular 

DNA. These characteristics make NNSVs a safer choice for engineering vectored 

vaccines. Parainfluenza virus 5 (PIV5), is a member of the Rubulavirus genus of the 

family Paramyxoviridae, which is used as an excellent vector for vaccine development 

against many bacterial and viral diseases including HPAI H5N1. Recombinant PIV5 

expressing HA of H5N1 was efficacious in protecting mice against HPAI H5N1 

challenge at very low doses (82–85).  

To develop a vaccine for humans, we have tried another NNSV to study the 

immunogenicity in animal models. JPV was isolated from mice in the early 1970s in 

Australia. Its genome structure was determined in 2005, and it has eight genes in the 

order of 3’-N-P/V/C-M-F-SH-TM-G-L-5’ (10, 17). JPV has a large genome size of 

18,954 nucleotides, which makes the insertion of large genes possible in the virus 

genome. JPV-LW, the virus initially sequenced, has many point mutations, but JPV-

BH, a more virulent strain,  has a close resemblance to the phenotype of virus isolated 

initially from Australia (1, 10). Deleting genes or gene segments to make an attenuated 

JPV-BH would be the best way to develop a stable and safe JPV based vaccine. We 

have seen that the deletion of the SH gene attenuates JPV (86). So, in this work, we 

generated a JPV-BH based H5N1 vaccine candidate by replacing the SH with HA. 
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Materials and Methods 

 

Cells 

Human Embryonic Kidney 293T (HEK293T), Baby Hamster Kidney (BHK) cells, and 

Vero cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 μg/ml 

streptomycin. All cells were incubated at 37oC in 5% CO2. Cells infected with viruses 

were grown in DMEM containing 2% FBS. Vero cells were used to perform plaque 

assays of JPV and BHK cells were used to perform plaque assays of PIV5. 

 

Mice 

 6-week-old, female, BALB/c mice (Envigo) were used for the studies. Mice were 

infected with JPV and PIV5 in enhanced Biosafety Level 2 facilities in HEPA-filtered 

isolators. Mouse HPAI infections were performed in enhanced BSL3 facilities in 

HEPA-filtered isolators under the guidelines of institutional biosafety program at the 

University of Georgia and for the select agents approved by the CDC. All animal 

experiments were performed in accordance with the national guidelines provided by 

“The Guide for Care and Use of Laboratory Animals” and the University of Georgia 

Institutional Animal Care and Use Committee (IACUC). The Institutional Animal Care 

and Use Committee (IACUC) of the University of Georgia approved all animal 

experiments. 
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Influenza virus 

Highly pathogenic A/Vietnam/1203/2004 (H5N1) was propagated in the allantoic 

cavity of embryonated hen eggs at 37°C for 24 h and were then aliquoted and stored at 

−80°C. Experiments involving HPAI were reviewed and approved by the institutional 

biosafety program at the University of Georgia and were conducted in enhanced 

biosafety level 3 (BSL3+) containment according to guidelines for the use of select 

agents approved by the CDC. 

 

Construction of recombinant plasmids 

Construction of a recombinant JPV-BH plasmid with a PvuI restriction site at the N 

gene was previously described (1). By using standard molecular biology techniques, 

the ORF of the SH gene was replaced by an HA gene of H5N1. The construct lacking 

the SH gene and containing the HA gene was designated as a pJPV-ΔSH-H5 plasmid. 

A plasmid containing the H5N1 HA gene without the cleavage site was used as the 

DNA template for PCR amplification (82). Sequences of primers used for the plasmid 

construction and the complete genome of pJPV-ΔSH-H5 is available on request. 

 

Virus rescue and sequencing 

To generate viable recombinant JPV containing HA gene (rJPV-ΔSH-H5), a full length 

pJPV-ΔSH-H5 plasmid, a plasmid expressing T7 polymerase (pT7P), and three 

plasmids encoding the N, P, and L proteins of JPV (pJPV-N, pJPV-P, and pJPV-L) 

were co-transfected into HEK293T cells at 95% confluency in a 6-cm plate with 

Jetprime (Polypus-Transfection, Inc., New York, NY). The amount of plasmids used 
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were as follows: 5 μg of full-length pJPV-ΔSH-EGFP plasmid, 1 μg of pT7P, 1 μg of 

pJPV-N, 0.3 μg of pJPV-P, and 1.5 μg of pJPV-L. Two days post-transfection, 1/10th 

of the HEK293T cells were co-cultured with 1 x 106 Vero cells in a 10-cm plate. Seven 

days after coculture, media were centrifuged to remove the cell debris, and the 

supernatant was used for plaque assay in Vero cells to obtain single clones of 

recombinant JPV-ΔSH-H5. Vero cells were used to grow the plaque-purified virus. The 

full-length genomes of the plaque-purified rJPV-ΔSH-H5 virus were sequenced. Total 

RNA of rJPV-ΔSH-H5- infected Vero cells were purified using the RNeasy minikit 

(Qiagen, Valencia, CA). cDNA was prepared by using random hexamers. Sequences 

of all primers used for sequencing the whole genome of rJPV-ΔSH-H5 are available 

upon request. DNA sequences were determined by an Applied Biosystems sequencer 

(ABI, Foster City, CA). 

 

Detection of protein expression 

 To confirm the rescue of JPV-ΔSH-H5, Vero cells were mock infected or infected with 

rJPV or rJPV-ΔSH-H5. Vero cells were mock infected or infected with rJPV or rJPV-

ΔSH-H5 at an MOI of 0.1. At 2 d.p.i, cells were washed with phosphate-buffered saline 

(PBS) and fixed with 0.5% formaldehyde. The cells were permeabilized with 0.1% 

PBS-saponin solution and were incubated for 30 min with mouse monoclonal anti-F or 

–anti-H5N1 HA antibody at a 1:100 dilution (Genescript USA, Inc., Piscataway, NJ) 

and then fluorescein isothiocyanate (FITC)-labelled goat anti-mouse antibody was 

added to the cells. The cells were incubated for 30 min and were examined and 

photographed using a Nikon FXA fluorescence microscope. 
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Expression of H5N1 HA in the virus-infected cells was compared. Vero cells in the 

six-well plates were mock infected or infected with rJPV or rJPV-ΔSH-H5 at an MOI 

of 5. The cells were collected at 2 d.p.i and fixed with 0.5% formaldehyde for 1 h. The 

fixed cells were resuspended in FBS-DMEM (50:50) and permeabilized with 70% 

ethanol overnight. The cells were washed once with PBS and then incubated with 

mouse anti-H5N1 HA monoclonal antibody in PBS-1% BSA (1:200) for 1 h at 4oC. 

The cells were stained with APC Goat anti-mouse IgG from Biolegend (1:500) for 1 h 

at 4oC in the dark and then washed once with PBS-1% BSA. The fluorescence intensity 

was measured with a flow cytometer (Becton Dickinson LSR II). 

 

Growth Kinetics 

Vero cells in 6-well plates were infected with rJPV or rJPV-ΔSH-H5 at an MOI of 0.1. 

The cells were then washed with PBS and maintained in DMEM-2% FBS. The medium 

was collected at 0, 24, 48, 96, and 120 hours post infection (h.p.i). The titers were 

determined by plaque assay on Vero cells. 

 

ELISA 

HA (H5N1 HA)-specific serum antibody titers were measured using an IgG enzyme-

linked immunosorbent assay (ELISA). Immulon 2 HB 96-well microtiter plates 

(ThermoLabSystems) were coated with 2 μg/ml recombinant H5N1 HA protein and 

incubated at 4°C overnight. Plates were then washed with KPL wash solution (KPL, 

Inc.), and the wells were blocked with 200 μl KPL wash solution with 5% nonfat dry 

milk and 0.5% BSA (blocking buffer) for 1h at room temperature. Serial dilutions of 
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serum samples were made (in blocking buffer), transferred to the coated plate, and 

incubated for 1h. To detect bound serum antibodies, 100 μl of a 1:1000 dilution of 

Horseradish Peroxidase (HRP)-labeled goat anti-mouse IgG (KPL, Inc.) in blocking 

buffer was added per well and incubated for 1 h at room temperature. Plates were 

developed by adding 100 μl of Sureblue Reserve TMB Microwell peroxidase substrate 

(1-component), and the reaction was allowed to develop at room temperature. After 3-

5 minutes, the reaction was terminated with 100 μl/well of 1N HCl. Optical density 

(OD) was measured at 450 nm on a Bio-Tek Powerwave XS plate reader. 

 

Vaccination and Influenza A virus challenge in BALB/c mice 

To test the immunogenicity of rJPV-ΔSH-H5, 6-week-old, female, BALB/c mice 

(Envigo) were infected with 100 μl of PBS or 1x105 PFU each of rJPV-ΔSH-H5 or 

rPIV5-H5(82), intranasally. Plaque assays were performed for the back-titration of 

virus inoculum used for the vaccination. The weight of the mice was monitored for up 

to 14 days post vaccination (d.p.v.). Twenty-eight d.p.v., the mice were bled for serum 

H5N1 HA-specific IgG titer. On 73 d.p.v., mice were anesthetized and inoculated 

intranasally with 10 50% lethal infectious doses (LD50) A/Vietnam/1203/04 (87) 

diluted in 50 μl PBS. Mice were then monitored daily for morbidity and mortality with 

body weights measured every other day post challenge. 
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Results 

 

Generation and in vitro analysis of a recombinant JPV expressing HA 

To generate a recombinant JPV expressing HA of H5N1 (rJPV-ΔSH-H5), we replaced 

the SH coding sequence in a full-length JPV-BH plasmid with HA (Fig. 4.1). This 

plasmid, together with three other helper plasmids encoding N, P and L proteins, and a 

plasmid encoding T7 RNA polymerase, were co-transfected into HEK293T cells and 

co-cultured with Vero cells as described previously (1). Vero cells were used to select 

a plaque-purified clone of the rJPV-ΔSH-H5 virus. The full-length genome sequence 

of plaque-purified rJPV-ΔSH-H5 was confirmed by RT-PCR and Sanger sequencing.  

 

Protein expression and in vitro growth kinetics  

Expression of HA in rJPV-ΔSH-H5 infected Vero cells were confirmed using 

immunofluorescence assay with anti-mouse JPV F, and H5N1 HA monoclonal 

antibodies (Fig. 4.2A) and quantitative estimation of the mean fluorescence intensity 

(MFI) of H5N1 HA expression was determined using flow cytometry (Fig. 4.2B). To 

compare the growth kinetics of rJPV and rJPV-ΔSH-H5, Vero cells were infected with 

rJPV and rJPV-ΔSH-H5 at an MOI of 0.1. The medium was harvested at different time 

points, and titers of virus in media were determined by plaque assay. Although a similar 

growth pattern was observed for rJPV and rJPV-ΔSH-H5, rJPV had a significantly 

higher growth on 1 dpi and 2 dpi (Fig 4.3).  
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In vivo inoculation of rJPV-ΔSH-H5 and analysis of immune response 

To investigate the immune response generated by rJPV-ΔSH-H5, mice were vaccinated 

with 100 μl of PBS or 1x105 PFU each of rJPV-ΔSH-H5 or rPIV5-H5 intranasally. The 

weight of animals was monitored for 14 dpi. No difference in the body weight was 

observed in mice vaccinated with rJPV-ΔSH-H5 or rPIV5-H5 compared to the PBS 

group (Fig 4.4A).  Mice were bled at 28 dpi, and sera were used for ELISA to detect 

the H5 specific antibody response. However, rJPV-ΔSH-H5 induced a higher level of 

anti-H5-HA antibodies than rPIV5-H5 (Fig 4.4B). 

 

Determining the efficacy of rJPV-ΔSH-H5 against HPAI H5N1 challenge in mice 

The efficacy of rJPV-ΔSH-H5 against HPAI H5N1 was examined in mice with 

A/Vietnam/1203/04 strain. Mice were vaccinated with 100 μl of PBS or 1x105 PFU 

each of rJPV-ΔSH-H5 or rPIV5-H5 intranasally. At 73-day post vaccination (dpv) mice 

were challenged with H5N1. All mice in the PBS group showed severe weight loss and 

all animals were dead by day 9 after challenge (Fig 4.5A). In contrast, all mice 

immunized with rJPV-ΔSH-H5 or rPIV5-H5 had survived with little weight loss (Fig 

4.5B). 

 

Discussion 

Global influenza epidemics emerge seasonally causing 3–5 million cases of severe 

influenza infections annually, with 250,000–500,000 deaths globally. The reemergence 

of a pandemic H1N1 strain in 2009 (88), and the emergence of HPAI H5N1 and H7N9 

influenza viruses  (89, 90), confirms that influenza is one of the global threats in this 
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century. Even though influenza vaccines are available in the market since the 1930s, 

there are many limitations for these vaccines regarding availability and effectiveness. 

Currently licensed influenza vaccines are produced in chicken eggs, which requires a 

lot of time between the identification of vaccine strains and the availability. Other 

limitations include lengthy regulatory approval procedures, limited worldwide vaccine  

availability, limited efficacy in elderly and unprimed populations, and lack of cross-

reactivity. The HPAI H5N1 virus was isolated for the first time from geese in 

Guangdong Province, China in 1996 (91). Since then, the virus has become endemic 

causing a significant loss to the poultry industry with many human infections. Viral-

vectors such as adenoviruses and vaccinia viruses were frequently used to develop an 

H5N1 vaccine. Effect of pre-existing immunity and the requirement of multiple 

immunizations are the limitations of these vaccines (92, 93). Currently, the only FDA 

approved H5N1 vaccine also has to be administered multiple times at a high 

concentration to achieve a moderate level of efficacy compared to the conventional 

influenza vaccines. Traditional vaccines against H5N1 utilizing the HA or NA of the 

virus are poorly immunogenic with production issues (94).  

PIV5-based H5N1 vaccine generated a good protective immunity with a single and low 

dose (103 PFU per mouse) (82, 95, 96). JPV, another paramyxovirus like PIV5 is not 

known for causing disease in any species other than laboratory mice. We have 

confirmed that point mutations in JPV make the virus highly attenuated in its natural 

host (1). Deletion of SH and V from the Mumps (Iowa strain) backbone has been 

employed for vaccine development. rMuVΔSHΔV, rMuVΔV, and rMuVΔSH were 

able to mount an immune response in mice. rMuVΔSHΔV was able to induce a 
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neutralizing titer and T cell response comparable to those induced by rMuVΔSH and 

rMuVΔV (97). Our previous research shows that deletion of SH improves the antigenic 

presentation and immunogenicity offered by the PIV5 vector (96). Roles of SH and V 

protein indicates various mechanisms used by paramyxoviruses to evade the host 

immune responses. The reverse genetic system of paramyxoviruses helps us to make 

recombinant attenuated viruses lacking the expression of these genes very easily. These 

ΔSH and ΔV paramyxoviruses are viable and grow similar to wild-type viruses in vitro, 

but most of them are attenuated in vivo (6, 36, 86). This quality makes them a good 

candidate to use as a modified live vaccine. We have previously shown that the deletion 

of SH or TM did not affect the viability and replication of JPV (16, 73, 86). We have 

also rescued a viable recombinant JPV lacking both SH and TM regions (Data not 

shown). Also, the deletion of SH improves the antigenic presentation and 

immunogenicity offered by the PIV5 vector (96). Deletion of genes or gene segments 

from a viral vector is safer than making point mutations in the genome, as latter has a 

possibility of reversion of virulence.  TM is unique for jeilongviruses (62), and more 

studies are required to find the effect of deletion of TM  from the JPV vector on 

immunogenicity. 

In this work, we have used JPV-BH-ΔSH backbone for developing an H5N1 vaccine 

candidate due to the improved immunogenicity and safety observed compared to other 

paramyxoviruses. rJPV-ΔSH-H5 grew similar to rJPV in Vero cells and expressed the 

HA of H5N1. In vivo infection with rJPV-ΔSH-H5 or rPIV5-H5 resulted in no 

significant difference in the weight loss compared to the PBS control group. Higher 

HA-specific antibody response in vaccinated mice after a single dose of vaccine and 
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complete protection upon a lethal challenge with HPAI H5N1 shows that rJPV-ΔSH-

H5 is a promising H5N1 vaccine candidate. Since JPV is a rodent virus, higher 

production of the HA-specific antibody may be due to the increased virus replication 

and transcription of JPV-encoded genes in mouse lungs. Experimental infection of 

jeilongviruses in other animals is needed to study the pathogenicity, tissue tropism, and 

serology associated with the infection by this group of paramyxovirus. Even though 

JPV specific antibodies were detected in pigs and humans, more studies with other 

animal models are needed to understand the protective immunity generated by JPV- 

vectored vaccines.  
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Figure 4.1. Recovery of recombinant virus rJPV-ΔSH-H5 (A) Schematics of rJPV and 

rJPV-ΔSH-H5, indicating the location where the ORF of SH was replaced with HA of 

H5N1.  
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Figure 4.2. Gene expression of rJPV and rJPV-ΔSH-H5 in vitro. (A) 

Immunofluorescent staining of Vero cells infected with rJPV or rJPV-ΔSH-H5. Vero 

cells were mock infected or infected with rJPV or JPV-ΔSH-H5. At 2 d.p.i, cells were 

washed with PBS and fixed with 0.5% formaldehyde. The cells were permeabilized 

with 0.1% PBS-saponin solution incubated for 30 min with polyclonal anti-F or -H5N1 

HA monoclonal antibody at a 1:100 dilution, and FITC-labelled with goat anti-mouse 

antibody. The cells were incubated for 30 min and examined and photographed using 

a Nikon FXA fluorescence microscope. (B) Expression of H5N1 HA in the virus-

infected cells. Vero cells in the six-well plates were mock infected or infected with 

rJPV or rJPV-ΔSH-H5 at an MOI of 5. The cells were collected at 2 d.p.i and fixed 

with 0.5% formaldehyde for 1 h. The fixed cells were resuspended in FBS-DMEM 
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(50:50) and permeabilized with 70% ethanol overnight. The cells were washed once 

with PBS and then incubated with mouse anti-HA monoclonal antibody. Secondary 

staining was performed using APC Goat anti-mouse IgG, and the fluorescence intensity 

was measured with a flow cytometer. Samples are triplicates, and error bars show 

standard errors of the means. 
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Figure 4.3. Comparison of rJPV and rJPV-ΔSH-H5 in vitro.  Low MOI growth curve 

of rJPV and rJPV-ΔSH-H5. Vero cells in a 6 well plate were infected, in triplicates, 

with rJPV or rJPV-ΔSH-H5 at an MOI of 0.1, and the medium was harvested at 24-h 

intervals. Plaque assays were performed on Vero cells to determine the virus titer. 

Statistical significance between groups at each time point was calculated based on two-

way ANOVA to compare the growth kinetics. (P<0.001 ***, P<0.01 **,   P < 0.05 *) 
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Figure 4.4. Immunization of BALB/c mice with of PBS, rJPV-ΔSH-H5, and rPIV5-H5.  

(A) BALB/c mice were intranasally infected with 100 μl of PBS, rJPV-ΔSH-H5, or 

rPIV5-H5 at a dose of 1 x 105 PFU (n=10 per group). Mice were monitored daily, and 

weight loss was graphed as the average percentage of their original weight (on the day 

of infection). (B) ELISA titers of immunized mice. BALB/c mice were intranasally 

immunized with PBS or rJPV-ΔSH-H5 or rPIV5-H5 at 105 PFU and bled on day 28 

post immunization. The mouse blood samples were collected for analysis. Purified 

recombinant HA protein was used to coat the ELISA plates. OD450 values were 

measured using a plate reader. 
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Figure 4.5. Efficacy of rJPV-ΔSH-H5 against HPAI H5N1 challenge in mice. The mice 

were inoculated with PBS, rJPV-ΔSH-H5, or rPIV5-H5 (n = 10 per group) at a dose of 

105 PFU per mouse. At 73 dpi, the mice were challenged with HPAI H5N1 at a dose 

of 10 LD50. (A) Weights of mice challenged with H5N1. Weights were monitored 

daily after challenge for 10 days. Weight is graphed as the average percentages of 

original weight (the day of challenge). (B) Survival rate. 
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CHAPTER 5 

 

CONCLUSIONS 

 

Several paramyxoviruses that do not belong to the seven established genera were 

discovered from many species. Until recently, those paramyxoviruses were considered 

as ‘unclassified paramyxoviruses.’ Among them, JPV, BeiPV, and TlmPV are rodent 

viruses with similar genome structure. Based on their similarities, a new genus called 

‘Jeilongvirus’ has been proposed to group these viruses. Recently identified PMPV-1, 

MMLPV-1, MMLPV-2, and Rodent paramyxovirus are phylogenetically clustered 

together with JPV, BeiPV, and TlmPV, signifying the expansion of this group of 

paramyxoviruses.  Development of the reverse genetic system for a pathogenic JPV-

BH strain helped us to study more about the pathogenesis of this group of viruses. This 

study mainly emphasizes the understanding of the functions of SH protein in virulence 

and the use of JPV as a vector for vaccine development. 

 

Role of the small hydrophobic protein of JPV in virulence (Specific Aim 1) 

Viruses have different strategies to evade the host immune response and to prolong 

their survival in the cell. One of these mechanisms seen in many paramyxoviruses is to 

inhibit the apoptosis or programmed cell death (98, 99). In Chapter 3, we studied the 

functions of JPV SH in vitro, as well as the role of SH of JPV, MuV, and RSV in the 

inhibition of apoptosis. SH protein present in paramyxoviruses and pneumoviruses 

shares little sequence homology. JPV and MuV SH proteins are type I membrane 

proteins, while RSV and PIV5 SH proteins are type II membrane proteins. In spite of 
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the lack of sequence homology and difference in orientation, the function of SH in 

blocking apoptosis remains same. Replacement of JPV SH with MuV or RSV SH 

restored the TNF-α-mediated apoptosis-blocking function in L929 cells. This result 

supports the findings of previous research on the role of SH proteins of RSV, PIV5, 

and MuV to block TNF-α signaling and induction of apoptosis (2, 6, 7). However, the 

infection of human cell lines with PIV5 did not inhibit TNF-α signaling upon the 

addition of exogenous TNF-α (100). This indicates that the differences in the virus 

replication and the effect of SH deletion vary depending on the cell types used. JPV as 

a rodent virus provides the best platform to study the functions of paramyxovirus SH 

gene in vitro using rodent cell lines and in vivo using laboratory mouse. Deletion of SH 

of JPV resulted in the increased TNF-α production and nuclear translocation of NF-κB 

in L929 cells, but chimeric rJPV-MuVSH and rJPV-RSVSH had a decreased NF-κB 

activation and TNF-α production.  

Similarly, rJPV, rJPV-MuVSH, and rJPV-RSVSH were more pathogenic than rJPV-

ΔSH. rJPV infection resulted in decreased lung virus titer and increased serum levels 

TNF-α. Expression of TNF-α in the JPV-infected respiratory cells is unknown. 

However, these studies show that the increased production of the pro-apoptotic 

cytokines like TNF-α might have increased the rate of apoptosis in the rJPV-ΔSH-

EGFP infected lung cells, thereby limiting the spread of virus infection to the nearby 

cells resulting in attenuation. The mechanism of the inhibition of the TNF-α pathway 

by JPV SH is unknown. Our results indicate that SH of JPV or RSV or MuV has 

functional similarity in a JPV backbone. TNF-α mediated apoptotic pathway requires 

the binding of TNF-α to TNFR1 in the cell surface. Activated TNFR1 leads to apoptosis 
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and NF-κB activation. TNFR1 contains a death domain that interacts with downstream 

proteins like TRADD and RIP1. These proteins mediate downstream signaling of the 

TNFR1. Steps in which the SH protein inhibits TNF-α-induced apoptotic pathway 

requires further studies. 

 

Immunogenicity of JPV based vaccine candidates (Specific Aim 2) 

Non-segmented negative-sense single-stranded viruses (NNSVs) are widely used as a 

vector to develop vaccines for humans, animals, and poultry.  Many animal or avian 

NNSVs (like Vesicular stomatitis virus and Newcastle disease virus) are antigenically 

distinct from human pathogens, so have a high susceptibility to infect human 

population to develop a protective antigen-specific immune response. NNSVs stably 

express foreign genes without integrating with the host genome. Since NNSVs often 

can replicate efficiently in the respiratory tract of primates, it is ideal to induce mucosal 

and systemic immune response. JPV has a large genome with eight transcriptional units 

and facilitates the insertion of foreign genes into its genome. We have shown that the 

deletion of integral membrane proteins like SH attenuates the JPV in mice. Removal of 

the virulent genes by the reverse genetic system is an effective approach to create JPV-

based vectored vaccines. Chapter 4 describes the development of a recombinant JPV 

by replacing its SH open reading frame with the HA of an HPAI H5N1. HA-specific 

antibodies generated by rJPV-ΔSH-H5 was higher than the PIV5 based vaccine. Both 

JPV and PIV5-based H5N1 HA candidates protected mice against an H5N1 challenge. 

However, the increased antibody response generated by a JPV vector may be useful for 

improving the immunogenicity of many other antigens. As a rodent virus, it is expected 
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that JPV generates a high antibody response in mice. Further testing of the vaccine in 

ferrets, NHPs, etc. will be needed to validate it as a vaccine platform for humans. The 

ability of JPV to infect other hosts to develop a protective immune response should be 

evaluated to create JPV-based vaccines for humans and livestock. 

In this work, we were able to successfully delete JPV genes to develop viable 

recombinant JPV based vaccine. Many paramyxoviruses recently identified with a 

genome similarity of JPV have a proline/threonine/serine (P/T/S)-enriched ectodomain 

in their G protein. P/T/S-enriched region allows an extensive glycosylation site for the 

G protein, which is typical for the pneumoviruses (101, 102). In JPV, this feature is 

partially lost and an additional open reading frame ORF-X is located behind the ORF-

G. ORF-X is not expressed in JPV-infected cells. Deleting the ORF-X may further 

improve the vaccine safety of JPV vector by terminating the possibility to restore the 

potential glycosylation sites of G upon successive in vivo infections. Since, JPV TM 

promotes cell-to-cell fusion, deleting the TM may also improve the safety of a JPV-

based vaccine. Studies to elucidate the functions of jeilongvirus proteins and their 

interactions will help us to design more safe and effective JPV-based vaccines. 
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APPENDIX A 

J PARAMYXOVIRUS (JPV) REPORTER VIRUSES GENERATED BY 

INCORPORATING A REPORTER GENE INTO THE VIRAL GENOME 

THROUGH THE INTERNAL RIBOSOMAL ENTRY SITE (IRES) REVEALS THE 

IN VIVO REPLICATION DYNAMICS OF JPV 
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Abstract 

J Paramyxovirus (JPV) was first isolated from moribund mice with hemorrhagic lung 

lesions in Australia in 1972. It is a rodent paramyxovirus classified under genus 

Jeilongvirus. To understand the real-time infection dynamics, we have created 

replication-competent JPV reporter viruses suitable for in vivo bioluminescent imaging 

in a mouse model. We have used a small and bright NanoLuc luciferase (nL) gene to 

create the reporter viruses, rJPV-SH-IRES-nL and rJPV-M-IRES-nL, using the reverse 

genetics system of JPV. Full-Length sequencing of the cDNA of a single virus clone 

of rJPV-SH-IRES-nL or rJPV-M-IRES-nL confirmed the identity of mutation-free 

reporter viruses. Infection of Vero cells with reporter viruses revealed that the 

luciferase activity is in correlation with the concentration and growth kinetics of rJPV-

SH-IRES-nL or rJPV-M-IRES-nL. A sublethal intranasal challenge of mice with rJPV-

SH-IRES-nL or rJPV-M-IRES-nL enables the visualization of virus spread and 

clearance on anesthetized mice using IVIS (In vivo Imaging System) Lumina XR 

imaging system. These findings provide a novel approach to study JPV replication and 

spread. 
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Importance 

Antibodies against J Paramyxovirus have been detected in rodents, pigs, and humans, 

suggesting that J Paramyxovirus (JPV) has a broad host range and zoonotic potential. 

More studies are needed to understand the pathogenic mechanism of Jeilongviruses. 

Our work demonstrates that a recombinant JPV with a luciferase gene is an excellent 

candidate to study the tissue tropism and replication of JPV by live animal imaging. 

One of the main advantages of tracking virus infection with a reporter virus is the ability 

to use the same animal repeatedly to visualize the spread of infection for a long time, 

which significantly reduces the number of animals required for conducting an in vivo 

experiment. 
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Introduction 

J Paramyxovirus (JPV), a non-segmented negative-sense single-stranded RNA virus 

(NNSV), is a member of a proposed genus Jeilongvirus of the family Paramyxoviridae. 

It was isolated from moribund mice (Mus musculus) with hemorrhagic lung lesions in 

northern Queensland, Australia in 1972. (1, 10, 17, 86). JPV has a large genome of 

18,954 nucleotides consisting of eight genes in the order 3’-N-P/V/C-M-F-SH-TM-G-

L-5’. JPV has an increased genome size due to the presence of two additional integral 

membrane proteins, small hydrophobic (SH) and transmembrane (TM), and a second 

open reading frame (ORF-X) of the G gene (15).  JPV genome initially sequenced in 

2005, has been named as JPV-LW. By developing a JPV reverse genetic system, a 

recombinant JPV-LW (rJPV-LW) was generated from the cDNA clone with the 

sequences of JPV-LW. rJPV-LW contains one extra nucleotide difference in ORF G 

and three nucleotide differences in ORF X compared to the JPV-LW GenBank 

submission sequence (17). The rJPV-LW infection did not cause any weight loss or 

clinical signs in mice (4). A new isolate, JPV-BH, is pathogenic in mice and cause 

severe fibrinonecrotizing lesions in the lungs. JPV-BH has a same number of 

nucleotides as JPV-LW and contains one nucleotide difference in the leader (Le) 

sequence and three nucleotide differences in the L gene compared to JPV-LW (1). 

JPV, Tailam virus (TlmPV), and Beilong virus (BeiPV) have similarity in genome 

coding potential and amino acid identity of putative proteins, put these viruses together 

in Jeilongvirus genus. (12, 13). The genome replication machinery of JPV and BeiPV 

can be interchanged (21), which also suggests that JPV and BeiPV are closely related. 

TlmPV was isolated from Sikkim rats (Rattus andamanensis) in a molecular 
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epidemiology study (12). RNA sequences of jeilongviruses were isolated from bats 

(65). Bats are the natural reservoirs of deadly paramyxoviruses like Nipah and Hendra 

(68–70). As of now, very little information is available about the host specificity, tissue 

tropism, and molecular basis of pathogenicity of jeilongviruses. It is quite possible that 

a paramyxovirus with human importance may emerge in future from this group. 

The presence JPV-BH with a laboratory mouse model system and a reverse genetics 

system will help to determine the functions of novel genes like TM as well as the 

pathogenesis and transmission of jeilongviruses. In this work, we have generated 

replication-competent JPV reporter viruses by incorporating NanoLuc® Luciferase 

gene into the JPV-BH genome. Due to the sequential transcription of NNSVs, a fusion 

of a reporter gene into the viral genome as an additional transcriptional unit (ATU) will 

cause a potential impact on the virus life cycle through the attenuated expression of the 

downstream viral genes (103–107). We decided to pursue the approach of using an 

internal ribosomal entry site (IRES) to link a reporter gene to the viral gene by avoiding 

the need for adding a reporter gene as an ATU. 

In this study, we used a very small and highly bright luciferase, NanoLuc® Luciferase 

(nL) to construct a replication-competent JPV reporter virus for our in vivo imaging. 

nL is a 19-kDa luciferase with more than 100 fold light output than renilla and firefly 

luciferase (108). nL is very easy to clone into the JPV genome due to its small size, and 

the extreme brightness of the nL-based reporter virus makes the imaging of the internal 

organs of animals very clear.  
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Materials and methods 

Cells 

Human Embryonic Kidney 293T (HEK293T, ATCC, CRL-1573) and Vero cells 

(ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 μg/ml 

streptomycin. All cells were incubated at 37oC in 5% CO2. Cells infected with viruses 

were grown in DMEM containing 2% FBS. Vero cells were used to perform plaque 

assays. 

 

Mice 

6-week-old, female, BALB/c mice (Envigo) were used for the studies. Mice were 

infected with JPV in enhanced Biosafety Level 2 facilities in HEPA-filtered isolators. 

All animal experiments were performed in accordance with the national guidelines 

provided by “The Guide for Care and Use of Laboratory Animals” and the University 

of Georgia Institutional Animal Care and Use Committee (IACUC). The Institutional 

Animal Care and Use Committee (IACUC) of the University of Georgia approved all 

animal experiments. 

 

Construction of recombinant JPV plasmids expressing a reporter gene 

(NanoLuc® Luciferase) 

The internal ribosomal entry site (IRES) from encephalomyocarditis virus (EMCV) and 

the coding sequence of NanoLuc® Luciferase were fused as a single fragment by PCR 

amplification. This PCR fusion product (IRES-nL) was cloned into the full-length JPV 
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vector. For constructing pJPV-SH-IRES-nL plasmid, IRES-nL fusion product was 

inserted after the stop codon of SH gene. For constructing pJPV-M-IRES-nL plasmid, 

IRES-nL was inserted after the stop codon of M gene. 

 

Virus rescue and sequencing 

To generate viable recombinant JPV reporter viruses, a full length plasmid of pJPV-

SH-IRES-nL or pJPV-M-IRES-nL, a plasmid expressing T7 polymerase (pT7P), and 

three plasmids encoding the N, P, and L proteins of JPV (pJPV-N, pJPV-P, and pJPV-

L) were co-transfected into HEK293T cells at 95% confluency in a 6-cm plate with 

Jetprime (Polypus-Transfection, Inc., New York, NY). The amount of plasmids used 

were as follows: 5 μg of full-length pJPV-ΔSH-EGFP plasmid, 1 μg of pT7P, 1 μg of 

pJPV-N, 0.3 μg of pJPV-P, and 1.5 μg of pJPV-L. Two days post-transfection, 1/10th 

of the HEK293T cells were co-cultured with 1 x 106 Vero cells in a 10-cm plate. Seven 

days after coculture, media were centrifuged to remove the cell debris, and the 

supernatant was used for plaque assay in Vero cells to obtain single clones of rJPV-

SH-IRES-nL or rJPV-M-IRES-nL. Vero cells were used to grow the plaque-purified 

virus. 

The full-length genomes of plaque-purified rJPV-SH-IRES-nL and rJPV-M-IRES-nL 

were sequenced. Total RNA of rJPV-SH-IRES-nL and rJPV-M-IRES-nL- infected 

Vero cells were purified using the RNeasy minikit (Qiagen, Valencia, CA). cDNA was 

prepared using random hexamers. DNA sequences were determined by an Applied 

Biosystems sequencer (ABI, Foster City, CA). 
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Growth Kinetics 

Vero cells in 6-well plates were infected with rJPV, rJPV-SH-IRES-nL or rJPV-M-

IRES-nL at an MOI of 0.1 and maintained in DMEM-2% FBS. The medium was 

collected at 0, 24, 48, 72, 96, and 120 post-infection (h.p.i). The titers were determined 

by plaque assay on Vero cells. 

 

Nano-Glo assay 

A Nano-Glo viral titer assay was developed to compare the nL activity and the viral 

titer estimation in PFU/ml. Vero cells in 6-well plates were infected with rJPV, rJPV-

SH-IRES-nL or rJPV-M-IRES-nL at an MOI of 0.1 and maintained in DMEM-2% 

FBS. The medium was collected at 0, 24, 48, 96, and 120 hours post infection (h.p.i).  

nL activity was measured with the Nano-Glo assay system (Promega), and 

luminescence was detected with a plate reader. 

 

Detection of viral protein expression 

Expression of JPV N, M, F and G in the virus-infected cells was compared. Vero cells 

in the six-well plates were mock infected or infected with rJPV or rJPV-ΔSH-EGFP at 

an MOI of 5. The cells were collected at 2 d.p.i and fixed with 0.5% formaldehyde for 

1 h. The fixed cells were resuspended in FBS-DMEM (50:50) and permeabilized with 

70% ethanol overnight. The cells were washed once with PBS and then incubated with 

mouse anti-N monoclonal antibody, anti-M monoclonal antibody, anti-F monoclonal 

antibody or anti-G monoclonal antibody in PBS-1% BSA (1:200) for 1 h at 4oC. The 

cells were stained with APC Goat anti-mouse IgG from Biolegend (1:500) for 1 h at 
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4oC in the dark and then washed once with PBS-1% BSA. The fluorescence intensity 

was measured with a flow cytometer (Becton Dickinson LSR II). For a better 

comparison of the protein expression, the peak of fluorescence intensity against each 

monoclonal antibody elicited by mock or virus-infected cells was merged into a single 

graph using FlowJo software. 

 

Infection of mice with JPV reporter viruses 

All animal experiments were carried out strictly following the protocol approved by 

the University of Georgia IACUC. To study the pathogenesis of rJPV-SH-IRES-nL 

and rJPV-M-IRES-nL, 6-week-old BALB/c mice (Envigo) were infected with 100 μl 

of PBS or 8 x105 of rJPV, rJPV-SH-IRES-nL or rJPV-M-IRES-nL, intranasally. The 

weight of the mice was monitored for up to 14 d.p.i. Mice were euthanized at 3 and 7 

d.p.i to collect lungs to determine the virus titer. 

In vivo imaging was performed on anesthetized mice. Nano-Glo® Luciferase Assay 

Substrate (Promega) was diluted 1:20 in PBS and 100 μl was used to inject retro-

orbitally. Bioluminescent images were acquired with IVIS Lumina XR machine. The 

analysis was performed using the Living Image software (PerkinElmer), and flux 

measurements were acquired from regions of interest automatically gated to the signal 

contours. All data in composite images utilized the same scale. 
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Results 

 

Development and in vitro analysis of bioluminescent JPV reporter viruses 

To study the real-time replication dynamics of JPV infection, two full-length JPV-BH 

plasmids (pJPV-SH-IRES-nL and pJPV-M-IRES-nL) with a reporter gene, nL was 

constructed (Fig A.1). These plasmids, together with three other helper plasmids 

encoding N, P and L proteins, and a plasmid encoding T7 RNA polymerase, were co-

transfected into HEK293T cells and co-cultured with Vero cells as described previously 

(1). After obtaining the rescued virus, the full-length genome sequences of plaque-

purified rJPV-SH-IRES-nL and rJPV-M-IRES-nL were confirmed by RT-PCR and 

Sanger sequencing. 

To compare the growth kinetics of rJPV-SH-IRES-nL and rJPV-M-IRES-nL with 

rJPV, Vero cells were infected with rJPV, rJPV-SH-IRES-nL, and rJPV-M-IRES-nL 

at an MOI of 0.1. The medium was harvested at different time points, and titers of virus 

in media were determined by plaque assay. Compared to rJPV-SH-IRES-nL and rJPV-

M-IRES-nL, rJPV had a significantly higher growth on 1 dpi and 2 dpi (Fig A.2A & 

Fig A.3A). Luciferase activity in the cell culture media of reporter viruses-infected 

Vero cells was comparable to the growth kinetics of the virus (Fig A.2B & Fig A.3B). 

 

Altered JPV protein expression in Vero cells infected with JPV reporter viruses 

To compare the protein expression of rJPV-SH-IRES-nL and rJPV-M-IRES-nL with 

rJPV, Vero cells were infected with rJPV, rJPV-SH-IRES-nL, and rJPV-M-IRES-nL 

at an MOI of 5. Mouse monoclonal antibodies against JPV N, M, F, and G were used 
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to detect the protein expression in terms of Mean Fluorescence Intensity (MFI). 

Infection of Vero cells with rJPV, rJPV-SH-IRES-nL and rJPV-M-IRES-nL showed 

similar gene expression of N. N is the first gene transcribed in JPV infection. So we 

used the expression level of N to standardize the gene expression of other downward 

genes.  Expression of JPV G protein was reduced in rJPV-SH-IRES-nL infection in 

Vero cells. However, no statistically significant differences were seen in the expression 

of JPV N, M, and F genes located towards the 3’ end of the insertion site. Expression 

of JPV F and G protein was reduced in rJPV-M-IRES-nL infection in Vero cells. But, 

no statistically significant differences were seen in the expression of JPV N and M 

genes located towards the 3’ end of the insertion site. (Fig. A.4). These results suggest 

a decreased gene expression of genes that are located after the insertion site of IRES-

nL. 

 

Real-time in vivo imaging of JPV infection 

To track the real-time replication of JPV in animals and also to determine the 

pathogenesis of JPV reporter viruses, BALB/c mice were intranasally infected with 100 

μl of PBS or 8 x 105 PFU of rJPV, rJPV-SH-IRES-nL, and rJPV-M-IRES-nL. Mice 

were monitored for 14 days. rJPV infection resulted in more significant weight loss 

(Fig. A.5A) than rJPV-SH-IRES-nL and rJPV-M-IRES-nL, suggesting the attenuation 

of reporter viruses. High virus load was observed in mice infected with rJPV at 3 d.p.i, 

but interestingly, no difference was seen in the virus loads between the groups at 7 d.p.i 

(Fig. A.5B). BALB/c mice infected with reporter viruses were subjected to longitudinal 

weighing and in vivo imaging (Fig. A.5C & A.5D).  Bioluminescence was detected as 
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early as 1 dpi indicating the early replication of JPV in both lungs. Increase in the flux 

intensity of the bioluminescence correlated with the weight loss of mice infected with 

the reporter viruses. Flux intensity was higher at 3 and 5 dpi on mice infected with both 

rJPV-SH-IRES-nL and rJPV-M-IRES-nL. These results are comparable with the lung 

titer of the virus at 3 dpi. Determining the flux intensity of infection with a 

bioluminescent reporter virus is an ideal way to replace the determination of lung virus 

titer by sacrificing animals. Bioluminescence was not able to detect from regions other 

than the lungs, showing the high tropism of JPV to the respiratory system. Plaque assay 

with homogenates prepared from heart, liver, brain, spleen, and intestine did not show 

any presence of JPV at 3 dpi (Data not shown). Despite the replication efficiency and 

corresponding weight loss in mice infected with reporter viruses, their pathogenicity is 

highly reduced in vivo. 

 

Discussion 

Even though extensive hemorrhagic lung lesions were observed in mice from which 

JPV was isolated for the first time, experimental infection of mice and rats with JPV 

did not cause any clinical signs (10). rJPV-LW has been rescued based on the published 

genome sequence of JPV, but the intranasal infection did not cause disease in mice (4, 

17). Nucleotide differences in the Le sequence and L of JPV resulted in a pathogenic 

JPV-BH strain with a different phenotype upon experimental infection in mice 

indicates that the rapid mutations in the JPV and other jeilongviruses will result in the 

evolution of virulent virus strains. Genome structure and aminoacid identity of JPV, 

TlmPV, and BeiPV suggest the possibility of the emergence of other jeilogviruses with 
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varying degree of pathogenicity and host specificity. Due to the pathogenic nature of 

JPV-BH and the availability of a laboratory mouse model, we can use JPV-BH as a 

candidate to study the molecular basis of pathogenesis of jeilogviruses. 

Reverse genetics system of NNSVs allows the generation of recombinant viruses with 

a single amino acid mutation to the addition or deletion of genes and gene segments. 

Reporter-expressing viruses with a foreign reporter gene insertion in the viral genome 

have many benefits for in vitro and in vivo applications. Reporter viruses are widely 

used for the anti-viral drug screening (109–112) and for the development of rapid 

neutralization test to detect the antibody titer (23, 24). Reporter viruses are also used in 

pathogenesis studies and to gain insights on the dissemination of viruses through the 

host (106, 115–119).  

Bioluminescence was able to detect from 1 dpi in both lungs of mice infected with JPV 

reporter viruses. Flux increased until 3 dpi to 5 dpi and then diminished, showing an 

early onset of high replication in the lungs. We previously observed that a high viral 

titer of JPV up to 5 dpi (1). Moreover, in our previous study, we demonstrated that low 

viral titer at 3 dpi correlated with the attenuation in mice infected with rJPV-ΔSH-

EGFP virus (86). Interestingly, both reporter viruses used in this study were attenuated 

in vitro and in vivo (Fig A.2 and A.3). Recombinant Newcastle Disease Virus (rNDV) 

with alkaline phosphatase reporter gene at various locations had a slow replication in 

chicken embryo fibroblast. There was a greater attenuation in NDV when the insertion 

was between the N and P protein (105). Similar results were also seen in Vesicular 

Stomatitis Virus (VSV), where the insertion of a non-coding transcriptional unit 

between the N and P reduced the virulence (120).  Attenuation of NNSVs after the 
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addition of IRES sequence into the genome has been previously reported in Rabies and 

VSV (121, 122). While the reason for the attenuation is unknown, we observed that the 

insertion of IRES-nL into the JPV reduces the expression gradient of the downstream 

viral genes (Fig A.4). Using IRES to incorporate the nL gene into the JPV genome 

helped to maintain the total number of transcriptional units same as that of the wildtype 

JPV.  The coding region of the reporter gene is fused with the IRES region without the 

conserved Gene End (GE) and Gene Start (GS) regions on the 3’ end. It remains unclear 

why the expression of downstream genes has reduced even though we added nL gene 

as an extended ORF using the IRES sequence, allowing a cap-independent translation 

of reporter gene.  

Taking into consideration the low JPV titer in lungs and Vero cells, it is clear that the 

attenuation is related to the slow replication of the virus and the reduced viral protein 

expression. It was discovered that the L gene of JPV is critical for the pathogenesis (1). 

Meanwhile, the insertion of IRES-nL decreased the expression of downstream genes; 

it is possible that the level of L gene-specific mRNA is reduced in cells infected with 

reporter viruses. Interestingly, the expression of a reporter gene before the first gene 

showed little attenuation in some paramyxoviruses. Measles virus expressing GFP as 

an additional transcriptional unit upstream of the N protein showed minimal attenuation 

in vitro and in vivo (116, 123). Similarly, very little in vitro attenuation was observed 

in a recombinant RSV expressing a reporter gene before the NS1 gene (124). 

Generation of a reporter virus which preserves the normal expression gradient of viral 

genes and molar ratio of viral proteins may be essential to prevent the attenuation.  
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Figure A.1. Recovery of JPV reporter viruses, rJPV-SH-IRES-nL and rJPV-M-IRES-

nL. Schematics of rJPV, rJPV-SH-IRES-nL and rJPV-M-IRES-nL, indicating the 

location where the nL is inserted. 
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Figure A.2. Growth characteristics and luciferase expression of rJPV-SH-IRES-nL.  

(A) Low MOI growth curve of rJPV and rJPV-SH-IRES-nL. Vero cells were infected 

with rJPV and rJPV-SH-IRES-nL at an MOI of 0.1, and the medium was harvested at 

24-h intervals. Plaque assay was performed on Vero cells to determine the virus titer. 

Statistical significance between groups at each time point was calculated based on two-

way ANOVA to compare the growth kinetics. (P<0.001 ***, P<0.01 **,   P < 0.05 *). 

(B) Vero cells in 6-well plates were infected with rJPV and rJPV-SH-IRES-nL at an 

MOI of 0.1 and maintained in DMEM-2% FBS. The medium was collected at 0, 24, 

48, 96, and 120 hours post infection (h.p.i).  nL activity was measured with the Nano-

Glo assay system (Promega), and luminescence was detected with a plate reader. 
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Figure A.3. Growth characteristics and luciferase expression rJPV-M-IRES-nL.  (A) 

Low MOI growth curve of rJPV and rJPV-M-IRES-nL. Vero cells were infected with 

rJPV and rJPV-M-IRES-nL at an MOI of 0.1, and the medium was harvested at 24-h 

intervals. Plaque assay was performed on Vero cells to determine the virus titer. 

Statistical significance between groups at each time point was calculated based on two-

way ANOVA to compare the growth kinetics. (P<0.001 ***, P<0.01 **,   P < 0.05 *). 

(B) Vero cells in 6-well plates were infected with rJPV and rJPV-M-IRES-nL at an 

MOI of 0.1 and maintained in DMEM-2% FBS. The medium was collected at 0, 24, 

48, 96, and 120 hours post infection (h.p.i).  nL activity was measured with the Nano-

Glo assay system (Promega), and luminescence was detected with a plate reader. 
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Figure A.4. Gene expression of JPV reporter viruses, rJPV-SH-IRES-nL and rJPV-M-

IRES-nL in Vero cells. (A) Expression of N, (B) Expression of M, (C) Expression of F, 

and (D) Expression of G in the virus-infected cells. Vero cells in the six-well plates 

were mock infected or infected with rJPV or rJPV-SH-IRES-nL or rJPV-M-IRES-nL 

at an MOI of 5. The cells were collected at 2 d.p.i and fixed with 0.5% formaldehyde 

for 1 h. The fixed cells were resuspended in FBS-DMEM (50:50) and permeabilized 

with 70% ethanol overnight. The cells were washed once with PBS and then incubated 

with mouse anti-N, anti-M, anti-F, and anti-G monoclonal antibodies. Secondary 

staining was performed using APC Goat anti-mouse IgG and the fluorescence intensity 

was measured with a flow cytometer. Samples are triplicates, and error bars show 

standard errors of the means. Statistical significance between groups at each time point 

was calculated based on two-way ANOVA to compare the growth kinetics. (P<0.001 

***, P<0.01 **,   P < 0.05 *) 
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Figure A.5. Infection of BALB/c mice with of rJPV reporter viruses and visualization 

of JPV replication in vivo.  BALB/c mice were intranasally infected with 100 μl of PBS 

or rJPV, rJPV-SH-IRES-nL and rJPV-M-IRES-nL at a dose of 8 x 105 PFU. Mice were 

monitored daily, and weight loss was graphed as the average percentage of their 

original weight (on the day of infection). (B) Mouse lungs were collected at 3 and 7 

d.p.i. Virus titers were determined by plaque assay on Vero cells. (C & D)  BALB/c 

mice were infected with 8 x 105 PFU of rJPV-SH-IRES-nL and rJPV-M-IRES-nL and 

monitored for bioluminescence of nL using an IVIS camera. Flux measurements were 

acquired using the Living Image software (PerkinElmer). 

 

 

 


