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ABSTRACT 

 

Mary Jo Manuse 

VIRAL AND CELL TYPE SPECIFIC HOST FACTORS THAT CONTRIBUTE  
 

TO ACTIVATION OF PARAMYXOVIRUS ANTIVIRAL RESPONSES 
 

Dissertation under the direction of Griffith D. Parks, Ph.D.,  

Professor, Department of Microbiology and Immunology  

 

Activation of host cell responses during viral infection can be a critical factor in 

determining of viral tropism, dissemination, and pathogenesis.  The paramyxovirus 

simian virus 5 (SV5) is able to establish highly productive, persistent infections of 

cultured epithelial cells with minimal induction of host cell responses.  In contrast, two 

SV5 mutants induce production of proinflammatory cytokines, type I interferon, and 

cytopathic effects.  The SV5 mutant, Le-(U5C,A14G), contains naturally occurring 

nucleotide substitutions in a highly conserved region of the viral promoter.  The Le 

mutant demonstrated no defect in growth, in fact the rate of viral protein expression was 

~2 fold higher than that seen in WT SV5 infection.  Despite expression of a functional 

viral V protein antagonist, the Le mutant induced IL-6 and IFN-β secretion.  Mild CPE 

involving formation of syncytia was also observed during Le mutant infection, which 

correlated with increased expression of the active form of the viral F protein.  A second 

SV5 mutant, P/V-CPI-, has also been previously demonstrated to overexpress viral genes 

and potently induce cytokines and CPE following infection.  Analysis of host cell 



 xi

pathways by the use of siRNA knockdown demonstrated that cytokine secretion induced 

by both the Le and P/V mutants was dependent on production of dsRNA and RIG-I, an 

RNA sensing PRR.  Overexpression experiments demonstrated that cytokine induction 

did not involve TLR3.  However, IL-8 secretion was enhanced when mutant virus 

infected cells were challenged with a TLR3 agonist.  We demonstrated that stimulation of 

TLR3 through addition of exogenous dsRNA caused a drastic increase in the level of 

RIG-I protein.  Through the use of dominant negative versions of RIG-I and TRIF, a 

model is supported whereby TLR3 stimulation upregulates RIG-I expression, which in 

turn hypersensitizes cells to RIG-I mediated cytokine induction by SV5 mutants.  By 

contrast to infection in epithelial cells, WT SV5 was found to be a potent inducer of type 

I IFN secretion in plasmacytoid dendritic cells.  IFN-α secretion occurred in a replication-

independent manner and was decreased by a TLR7 inhibitor.  Taken together this work 

supports a model in which the induction of host cell responses during viral infection are 

influenced by three factors, i) the level of viral inducer,  ii) the pathways targeted by the 

viral antagonist, and iii) the type and level of PRR expressed in a given cell type.        
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CHAPTER 1 

 

INTRODUCTION 

 

 Virus infection is a complex process that can be described as a battle between the 

virus and host.  The host cell is equipped with sensors that can readily detect virus 

replication and initiate pathways that lead to the synthesis of antiviral components.  If 

antiviral pathways are triggered before a significant amount of viral replication has 

occurred, then this serves as a first line of defense to prevent virus growth and spread.  As 

viruses have coevolved with humans, they have developed ways to counteract the 

induction of antiviral compounds.  If the virus can successfully propagate new virus 

particles before the cell attacks with antiviral responses then the virus has won the initial 

battle.  These early events during infection can have a significant impact on virus 

dissemination, tropism, and pathogenesis.         

 Experimental work in my thesis defines several factors that can influence the 

extent to which host cell responses will be activated during virus infection.  These 

include the production of a viral inducer during viral replication, the mechanism of action 

of a viral antagonist, and the type and level of pattern recognition receptor (PRR) 

expressed in the host cell.  A viral inducer, such as dsRNA, can be produced as a 

byproduct of viral replication.  If the viral inducer is detected by the host cell this will 

activate host cell responses.  On the other hand, viruses often make an antagonist that can 

limit host cell responses at particular steps in host pathways.  Finally, the expression level 
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and specific type of PRR expressed within the host cell will heavily influence the 

induction of host cell responses. 

 The overarching goal of this work is to understand the extent to which viral RNA 

synthesis, viral antagonism, and the type of PRR expressed in a cell contribute to 

induction of host cell responses.  In order to address this goal I have carried out studies 

with the prototypic Paramyxovirus simian virus 5 (SV5), which is a poor inducer of host 

cell responses, and two SV5 mutants that activate host cell responses.  These SV5 

mutants contain changes in distinct viral components involved in RNA synthesis.  My 

work will be summarized in a model for SV5 whereby antiviral responses stimulated by a 

viral inducer cannot be blocked by production of a viral antagonist, and in addition 

heavily depend on cross-talk and cell-type specific expression of PRRs.  I propose that 

SV5 achieves a fine balance between a high enough level of viral replication to promote 

growth, but a low enough level to avoid induction of host cell responses. 

 

Host cell pattern recognition receptors.  Initial host cell defenses in response to viral 

infection include production of cytokines.  Antiviral responses can be activated through 

intracellular signaling pathways initiated by two general types of PRRs:  cytoplasmic 

RNA helicases or surface/endosomal Toll-like receptors (TLRs). These PRRs are able to 

recognize and respond to different types of viral RNA or DNA, which are termed 

pathogen-associated molecular patterns (PAMPs) (54).  When a PRR detects a PAMP, it 

is activated and signals through various pathways to stimulate the translocation of 

transcription factors (TF)s to the nucleus.  PRRs activate combinations of TFs which 
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result in expression of antiviral cytokines, including type I interferons (IFN)s, such as 

IFN-β and IFN-α, and pro-inflammatory cytokines, such as IL-6 and IL-8 (36).   

Retinoic acid inducible gene product (RIG)-I and melanoma differentiation 

associated gene product (MDA)5 are two cytosolic PRRs that play a crucial role in 

induction of host responses during viral infection.  These molecules share common 

domains, a DExD/H-box RNA helicase domain and two amino-terminal caspase 

recruitment domains (CARDs) (129).  Recognition of viral PAMPs causes a 

conformational change exposing the CARDs of RIG-I and MDA5, which allows them to 

associate with mitochondrial interferon promoter stimulator 1 (IPS-1) through CARD-

CARD interactions (4). Stimulation of IPS-1 recruits TNF-receptor-associated factor 

(TRAF) 3/6 which initiate signaling pathways involving kinases and in turn activate TFs 

driving transcription of genes encoding IFN-β and proinflammatory cytokines (Fig. 1).   

Although RIG-I and MDA5 are structurally similar, they recognize distinct types 

of nucleic acid.  RIG-I has been shown to be essential for detection of in vitro transcribed 

RNA, while MDA5 is necessary for host responses to the synthetic dsRNA, poly (I:C) 

(53).  Other reports have demonstrated that MDA5 responds to long dsRNA whereas 

RIG-I recognizes shorter RNA with an exposed 5’-triphosphate and double-stranded 

structure (47, 52, 90, 103, 105) .  Reports using PRR knockout mice have also 

demonstrated that RIG-I and MDA5 recognize different virus infections.  

Encephalomyocarditis virus (EMCV), which is known to produce dsRNA, signals 

through MDA5 whereas Sendai virus (SeV), Newcastle disease virus, vesicular stomatitis 

virus (VSV), influenza virus, and Japanese encephalitis virus are all detected by RIG-I 
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Figure 1.  Pathways that Initiate Host Cell Responses to Virus Infection. 
 

 

 
 
Figure 1.  This diagram displays the signaling events involved in activation of cytokines 
in response to detection of viral RNA.  The host cell PRRs MDA5, RIG-I, PKR, and 
TLR3 are depicted recognizing aberrant viral RNA.  Upon recognition, the PRRs activate 
downstream signaling that ultimately leads to the translocation of TFs IRF3, NFκB, and 
AP1 to the nucleus which subsequently drives expression of proinflammatory cytokines 
and type I IFN. 
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 (53).  Dengue virus and West Nile virus (WNV) appear to signal through both PRRs as 

IFN production was reported in the absence of either RIG-I or MDA5 (15, 116). 

Another group of PRRs that recognize nucleic acid of viral infection are the Toll-

like receptors (TLRs). Unlike cytosolic PRRs, TLRs are integrated into cellular 

membranes, either at the cell surface or within intracellular endosomes.  The TLR family 

contains common structural features including an ectodomain harboring leucine-rich 

repeats (LRR) and a cytoplasmic signaling domain termed the Toll/IL-1 receptor (TIR) 

homology domain (83).  Upon activation, TLRs recruit TIR-containing adaptors, 

including myeloid differentiation factor 88 (MyD88) and TIR domain containing adaptor 

inducing interferon (TRIF).  The adaptor molecules subsequently stimulate nuclear 

translocation of the TFs, in a similar manner to cytosolic PRRs.  Each TLR recognizes 

and is activated by distinct PAMPs which trigger signaling to ultimately activate innate 

immune responses.  TLR1, 2, 4, 5, 6, and 10 are expressed on the surface of cells, TLR7, 

8, and 9 are found within endosomes, and TLR3 can be either surface or endosome 

expressed, depending on cell type (76, 121).     

Several TLRs are critical sensors of viral infection.  TLR2 and TLR4 are capable 

of recognizing viral glycoproteins, such as the hemagluttinin protein of measles virus and 

the fusion protein of respiratory syncytial virus (RSV), respectively (8, 62).  In addition 

to being recognized by cytosolic host cell sensors, dsRNA is also recognized by TLR3.  

TLR3 is a MyD88-independent TLR that signals through the TRIF adaptor molecule.  

Single-stranded RNA (ssRNA), such as the genome of some viruses, is the ligand for 

TLR7.  TLR9 is activated by unmethylated CpG DNA, which can be present in viruses 
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bearing a DNA genome.  TLR7 and 9 mediate signaling in a MyD88-dependent manner 

and are primarily expressed by plasmacytoid dendritic cells (DC) (115).   

Cross-talk can occur in the signaling pathways of cytosolic and membrane PRRs.  

Although upstream signaling occurs through different adaptor molecules, both sets of 

viral sensors activate the same kinases:  tank binding kinase 1 (TBK1), IκB kinases 

(IKK)s, and the mitogen-activated protein (MAP) kinase family.  As shown in Figure 1, 

these kinases are responsible for phosphorylation and activation of latent TFs; NFκB, 

IRF-3, adaptor protein 1 (AP1), and nuclear factor (NF) IL-6 which induce antiviral 

responses by driving expression of proinflammatory cytokines and type I IFNs (Fig. 1) 

(44, 116).  Crosstalk would potentially allow the opportunity for synergism among 

signaling pathways of TLRs and cytosolic PRRs.  RIG-I and MDA5 are IFN-inducible 

proteins so in theory any TLR that activates IFN secretion, such as TLR3, has the 

potential to upregulate cytosolic PRRs.  However, the only report documenting this 

event, other than the work here, is TLR4-dependent upregulation of RIG-I in 

macrophages (60, 74).  On the other hand, there is much work demonstrating TLR-TLR 

interplay (65).  The roles of RIG-I and TLR3 in activation of cytokines by SV5 mutants 

are addressed in this work.   

Protein kinase R (PKR) is a third type of PRR that senses viral RNA and is an 

important first line of defense against viral infection.  PKR normally exists in an inactive 

monomeric state within the cell and is activated in response to binding viral or synthetic 

dsRNA (66).  Activation of PKR has several consequences, particularly subsequent 

activation of TFs and inhibition of translation through phosphorylation of eIF2α (35).  

Though its role is not addressed in the present work, PKR is a sentinel cellular 
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component that is able to integrate signals from intracellular stress, growth factors, and 

other PRRs.   

 

Induction of IFN and proinflammatory cytokines.  The proinflammatory cytokines 

evaluated in this study are IL-6 and IL-8.  The promoters of both genes contain a binding 

site for nuclear factor (NF)-IL6, AP1 and NFκB (100).   Production of IL-6 and IL-8 

exerts inflammation at sites of viral infection.  The cytokine, IL-6 is involved with 

activation of the acute phase response which can play an important role in early 

neutralization of pathogens (110).  IL-6 has also long been known to stimulate adaptive 

immunity by augmenting immunoglobulin expression from B cells and inducing 

proliferation of T cells (56).  IL-8 is a CXC chemokine that plays a key role in lung 

inflammation in response to respiratory contracted viruses.  In addition, IL-8 serves to 

recruit and activate immune cells such as neutrophils (26). 

My work also addresses the production of type I IFNs, IFN-β and IFN-α during 

virus infection.  The IFN-β and -α promoter both contain four regulatory cis-elements 

called positive regulatory domains (PRD).  During gene activation, two of the PRDs are 

bound by dimers of the IRF family, one is bound by NFκB, and another is bound by AP1 

(29).  IFN-β depends specifically on IRF3, whereas IFN-α requires IRF7 to drive its 

expression. Induction of type I IFN depends on activation and nuclear translocation of 

each of these TFs.  Once the IFN-β/α gene is translated, the protein is secreted from the 

cell and binds its receptor to initiate signaling in an autocrine and paracrine manner to 

establish an antiviral state within cells (discussed below).  Induction of type I IFNs also 

contributes to activation of adaptive immunity through activation of immune cells such as 
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natural killer cells and dendritic cells (9).  The levels of type I IFN and proinflammatory 

cytokine production during infection play a significant role in determining viral 

pathogenicity and the development of viral vectors.  

 

Type I IFN Signaling.  Initiation of an antiviral state within an infected cell is 

established primarily through induction and signaling of type I IFNs.  Once the IFN-β 

gene is expressed, it is secreted and binds, in an autocrine or paracrine manner, to the 

type I IFN receptor.  Binding of IFN-β to its receptor signals Jak and Tyk kinases to 

phosphorylate and cause subsequent dimerization of signal transducers and activators of 

transcription (STAT)1 and 2 (49).  The STAT1/2 heterodimer associates with IRF-9 

forming the TF interferon-stimulated gene factor 3 (ISGF3), which acts on interferon 

stimulated response elements (ISRE) within the promoter of more than 300 target genes.  

These genes include but are not limited to ISG15, PKR, Mx GTPases, 2’-5’oligo A 

synthetase (OAS), and additional TFs such as IRF-7. Upregulation of these target genes 

helps to establish an antiviral state within the host cell.  ISG15 is a 15 kD protein that 

conjugates to target proteins such as STAT1, MxA, and PRRs, to increase their antiviral 

activity (102).  Mx GTPases bind to essential viral components, such as nucleocapsids, to 

block their function and inhibit viral replication (41).  2’-5’ OAS is distinguished by its 

ability to catalyze polymerization of ATP in a 2’-5’ fashion.  The irregularly linked 

phosphodiester bonds activate latent RNase L, which cleaves cellular and viral RNA (79).  

Activated IRF-7 is required to drive synthesis of IFN-α, which amplifies IFN signaling.  

Normally, IRF-7 expression is induced through IFN-β signaling, however it is 
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constitutively expressed in plasmacytoid dendritic cells, which are specialized in a quick, 

robust IFN-α response to viral infection (115).   

 

Paramyxovirus counteraction of antiviral responses.  Induction of an antiviral state is 

extremely detrimental to virus propagation; therefore, viruses have evolved mechanisms 

to counteract both induction and signaling of type I IFNs and proinflammatory cytokines.  

Through various RNA editing processes, viral accessory proteins including V, C, and W 

are produced from the paramyxovirus P gene, and depending on the particular virus, one 

or more of these proteins can counteract antiviral responses.  Respiroviruses contain an 

accessory protein C that has been demonstrated to reduce activation of the IFN-β 

promoter through transfection assays (58).  Other studies have demonstrated that the C 

protein of Sendai virus interacts with STAT1 to prevent its phosphorylation and 

subsequent IFN signaling (59).  Henipaviruses encode a W protein that has been 

demonstrated to block TLR3-induced activation of IRF3 (109).     

The most well characterized Paramyxovirus accessory antagonist is the V protein.  

The V protein is encoded by a wide range of Paramyxoviruses and bears a conserved C-

terminal cysteine-rich region. This domain has been shown to be both necessary and 

sufficient to block IFN induction (1).  The C-terminal domain of the SV5 V protein 

contains seven cysteine residues that resemble a zinc finger domain and bind two zinc 

atoms (85).  Experimental data demonstrate that V protein directly binds to the 

cytoplasmic PRR MDA5, but not RIG-I (17).  There is a direct interaction between the 

cysteine-rich domain of V and the helicase domain of MDA5 which prevents activation 

of TFs and subsequent induction of IFN-β and pro-inflammatory cytokines (18). The V 
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protein has also been shown to act further downstream in the induction pathway of 

cytokines.  Recent reports have demonstrated an interaction between the SV5 V protein 

and IKKε, which is responsible for phosphorylation of IRF3 (71).  These studies have 

proposed that the V protein acts as a decoy substrate for phosphorylation by IKKε, 

thereby resulting in decreased activation of IRF3.   

The V protein also plays a role in limiting IFN signaling.  The V proteins of 

several Paramyxoviruses have been shown to target STAT1 for proteosomal degradation 

in human cells (22).  The SV5 V protein catalyzes formation of a degradation complex 

that is composed of several host proteins including STAT1 and 2, DNA-damage binding 

protein 1 (DDB1), and Cullin 4A (21).  These proteins function together as an E3 

ubiquitinating enzyme targeting STAT1 for degradation.  Interestingly, Randall and 

colleagues demonstrated that despite a close relationship to SV5, the V protein of HPIV2 

instead targets STAT2 for degradation.  Viruses of the Henipavirus genus are able to 

sequester STAT1, STAT2 and IRF-9 into high molecular weight complexes involving the 

V protein (98, 99).  Without formation of ISGF3, IFN signaling cannot occur; therefore 

generation of an antiviral state is extremely crippled.  My work suggests that production 

of viral antagonist is not sufficient to limit antiviral responses during SV5 infection when 

viral gene expression is increased, even by as little as 2-fold.   

 

Virus Infection in Plasmacytoid Dendritic Cells.  PRR expression can be cell type 

specific and my work has demonstrated that this can significantly influence the extent to 

which antiviral responses are activated. Plasmacytoid dendritic cells (pDCs) are a 

specialized subset of dendritic cells that express TLR7 and 9 and produce large amounts 
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of IFN-α in response to virus infection.  pDCs are CD4+, CD123+, CD11c-, and lineage- 

cells (20).  Human pDCs in the bone marrow and peripheral blood express CD303 and 

CD304, respectively.  The development and mobilization of pDCs from the bone marrow 

relies on the cytokines, Flt3L and GMCSF (93).  In steady-state conditions, pDCs are 

produced in the bone marrow and then migrate to lymph nodes, mucosal-associated 

lymphoid tissue, and the spleen.  Based on findings of lymphocyte gene transcripts in 

pDCs, it is believed that unlike conventional DCs (cDCs), pDCs are of lymphoid origin 

(97).  pDCs are distinct from cDCs because of their poor ability to phagocytose and 

present antigens.  However, upon stimulation, pDCs upregulate costimulatory molecules, 

including CD80 and CD86 (11).  Historically, pDCs have been described as poor 

activators of T cells, but recent reports have demonstrated the ability of pDCs to 

effectively display peptide loaded MHC molecules and stimulate T cells, albeit not to the 

same extent as cDCs (120).  In addition, pDCs have high expression of the MyD88-

dependent PRRs, TLR7 and TLR9, whereas cDCs express TLR1, 2, 4, 5, and 8 (111).   

 Since pDCs are specialized to respond to virus infection, many recent studies 

have involved gauging their response to direct infection.  Recognition of viruses by pDCs 

has been shown to be independent of viral replication, likely because TLR7 and 9 have 

the ability to directly detect viral RNA and DNA genomes.  UV-inactivated Herpes 

simplex viruses-1 and -2 were able to stimulate large amounts of IFN-α from pDCs 

through TLR9 (61, 72).  WNV that had been UV-treated stimulated IFN-α production in 

pDCs, whereas IFN production in cDCs was dependent on viral replication (112).   

Likewise, influenza virus induced high levels of IFN-α via TLR7 in pDCs, whether or not 

the virus had been UV-treated (122).  However, there have been reports with other 
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viruses that IFN production in infected pDCs is replication-dependent.  IFN production 

was decreased in response to UV-inactivated RSV, VSV and SeV when compared to the 

live virus (39, 48, 122).  Therefore, IFN-α production in pDCs may depend on the 

specific virus, virus entry mechanisms, or infection conditions.           

 IFN-α produced in massive amounts by pDCs can activate both the innate and 

adaptive arms of the immune system, crippling virus infection.  Viruses have been 

reported to employ various mechanisms to prevent IFN-α production in pDCs.  Lung 

recruited pDCs showed very little IFN-α production in response to RSV (40).  The same 

authors demonstrated an impaired induction of IFN-α upon TLR7 challenge of RSV-

infected pDCs (39).  The V protein of measles virus can bind and be phosphorylated by 

IKKα, preventing phosphorylation of IRF7 (89).  This mechanism has been correlated 

with the ability of measles virus to abolish TLR7/9 mediated IFN production in pDCs 

(104). Additionally, several studies have shown the ability of Hepatitis C virus to inhibit 

TLR7 ligand induced CD40 expression, which impairs the ability of pDCs to activate 

CD4 T cells (67).  SV5 infection in pDCs has been addressed in my studies.  I have 

demonstrated that this is the only cell type identified so far that secretes large amounts of 

IFN in response to WT SV5 infection.  Induction of IFN-α was reduced upon inhibition 

of TLR7 signaling, indicating the importance of the cell-type specific expression of PRRs 

in activation of antiviral responses.   

 

Paramyxovirus life cycle.  The Paramyxoviridae are a family of enveloped, 

nonsegmented negative-sense single-strand RNA viruses.  The genome of 

Paramyxoviruses ranges from 15-19 kilobases and can encode 6-10 genes.  Several 
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Paramyxoviruses are associated with disease in humans including measles virus, mumps 

virus, human parainfluenza viruses, respiratory syncytial virus, and the emerging hendra 

and nipah viruses.  The current work focuses on the Paramyxovirus SV5.        

SV5 is a prototypic member of the Rubulavirus genus.  The genome of SV5 is 

approximately 15 kilobases (kb) and encodes 7 tandemly linked genes, arranged 3’-NP-

P/V-M-F-SH-L-5’, as shown in Figure 2. The SV5 virion is pleomorphic and composed 

of the helical negative-stranded RNA genome encapsidated by the nucleoprotein (NP) 

protein.  This protein-RNA complex is known as the nucleocapsid core and is enveloped 

by a lipid bilayer derived from the host cell.  The matrix (M) protein lines the inside of 

the lipid envelope, providing architecture to the virion.  Two glycoproteins, 

hemagluttinin-neuraminidase (HN) and the fusion protein (F), which allow for 

attachment and entry, respectively, are embedded within the lipid envelope and exposed 

on the outer surface of the virion.  Sialic acid serves as a receptor for the HN protein.  

The F protein mediates fusion of the viral envelope with the cellular plasma membrane at 

a neutral pH, unlike other families of negative strand RNA viruses, which undergo 

receptor-mediated endocytosis before fusing with lipid bilayer.  The large (L) protein and 

phosphoprotein (P) also exist within the virion and together make up the viral RNA-

dependent RNA polymerase (vRNAP).  L is a critical component of viral RNA synthesis, 

as it acts as the catalytic subunit of the vRNAP.  P is a non-catalytic subunit of the 

vRNAP that is thought to anchor L to the viral genome.  

 The P/V gene is unique in the SV5 genome because it encodes two proteins, V 

and P.  Two viral mRNA transcripts are produced through a process called RNA editing 

in which pseudo-templated nucleotides are added to the transcript (117).  During SV5 
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infection, the V mRNA is synthesized upon faithful transcription of the P/V gene by the 

vRNAP.  If the polymerase adds two non-templated G residues at a particular editing site 

within the P/V gene, this causes a frameshift mutation to occur and the mRNA encoding 

the P protein is synthesized (14).  Thus, the V and P proteins share a common N-terminal 

domain but have unique C-terminal domains.  An SV5 mutant used in this work, P/V-

CPI-, contains substitutions in the shared region of the P/V gene.   

Cis-acting sequences at both ends of the genome, the leader (le) located at the 3’ 

end and the trailer located at the 5’ end, direct viral transcription and replication.  The 

leader is a bipartite promoter consisting of promoter element (PrE) I, located at the 3’ 

terminus of the genome, and PrE II, located internally (Fig. 2).  They are separated by an 

intervening nonessential spacer region.  Each PrE is 18 nucleotides in length and the first 

nine nucleotides of PrE I are highly conserved and show no sequence variability within 

the rubulavirus genus (80). There is a repeated GC sequence at the end of the three 

hexamers for PrE II of SV5 that is essential for optimal viral replication (81).  Because of 

its role in RNA synthesis, the leader is a major viral component dictating the level of 

viral RNA production within the host cell.  In my work, I have constructed an SV5 

mutant with two nucleotide changes in PrE I and evaluated its level of gene expression 

and ability to induce host cell responses.   

There are three phases of RNA synthesis directed by the leader and the trailer; 

primary transcription, replication, and secondary transcription.  The virus is able to 

initiate primary transcription immediately upon infection because the vRNAP is present 

in the infecting viral particle.  During primary transcription, low levels of viral mRNA 

and protein are synthesized.  Genes are transcribed sequentially through a stop-start  
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Figure 2.  Schematic of SV5 Mutants Used in this Study. 

NP P/V M F HN L 5'GFP3'

32 1571025026 33

P/V-CPI-

WT SV5 Y    V   T        L             L                S

H     I    I         P             P                F

NH2 COOHShared P/V region Unique region

3’- | UGGUUC|CCCUUU|UACUUC |NNNNNN|9 GGAAGC|ACUGGC|UGGAGC |-5’

PrE-I PrE-II

3’- | UGGUCC|CCCUUU|UGCUUC |NNNNNN|9 GGAAGC|ACUGGC|UGGAGC |-5’

A.

B.

NP P/V M F HN L 5'GFP3'

 
 
Figure 2.  A)  Genomic structure of Le-(U5C,A14G).  The genome structure of SV5 is 
depicted with the addition of the GFP gene between the HN and L genes.  The promoter 
region is shown enlarged from the 3’ end of the genome.  It consists of two promoter 
elements, PrE I and PrE II, shown boxed.  The changes made within the WT promoter to 
create Le-(U5C,A14G) are shown below arrows in bold.  B) Amino acid changes in the 
P/V gene of P/V-CPI-.  The genomic structure of SV5 is depicted with the P/V protein 
enlarged beneath.  The P and V proteins have a shared N-terminal region and unique C-
terminal region.  The amino acids that are changed in P/V-CPI- are numbered with the 
WT and CPI- sequences listed below. 
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mechanism.  At the end of each viral gene there is gene junction consisting of a gene end 

sequence, an intergenic region, and a gene start sequence. The vRNAP does not always 

reinitiate at gene junctions and consequently a decreasing gradient of transcription in the 

3’ to 5’ direction occurs.  This results in the most 3’ proximal gene, NP, being transcribed 

to the highest level, whereas the most 3’ distal gene, L, is transcribed to the lowest level.  

The vRNAP is directed by signals in the gene end to terminate transcription and a stretch 

of uridine residues act as a template for polyadenylation (31, 84). Likewise, the gene start 

directs the vRNAP to add a 5’ cap to the viral mRNA.  This stop-start mechanism of 

transcription is one way in which SV5 controls relative levels of each gene product (127).  

After sufficient accumulation of viral protein from primary transcripts, a switch to 

genome replication occurs.  By binding to the genomic leader and ignoring signals in the 

gene junction, the vRNAP generates a full length, positive sense antigenome from the 

incoming negative sense genomic template. The 3’ noncoding region of the antigenome 

(anti-trailer) also acts as a promoter, so that progeny negative sense genomes can be 

synthesized.  The same vRNAP polymerase that carries out viral transcription is also 

responsible for replication; however the association of host proteins with the polymerase 

has not been defined and may differ between transcription and replication.  The switch 

from transcription to replication is thought to be due specifically to accumulation of 

soluble NP during primary transcription, which is required to encapsidate nascent 

replication products (119).  My work has highlighted the importance of tight control of 

viral RNA synthesis during WT SV5 infection in order to limit activation of host cell 

responses.   
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Progeny genomes generated during replication can have two different fates.   

They can act as a template for secondary transcription in which high levels of viral 

mRNA and protein accumulate within the host cell.  Additionally, progeny genomes can 

be incorporated in budding virions.  In preparation for the budding process, viral 

components of paramyxoviruses assemble at a common location at the plasma membrane 

of the cell.  After traveling the exocytic pathway, viral glycoproteins, HN and F, integrate 

into the plasma membrane via a transmembrane domain.  The M protein is thought to 

coordinate assembly of budding virions through interaction with both the intracellular 

tails of glycoproteins and the nucleocapsid core.  M also contains a late domain that 

recruits host cell machinery which aids in membrane fission and release of progeny 

virions from the host cell (106).  Importantly, lysis of the host cell is not required for 

generation of progeny virions.   

 

The SV5 mutants, Le-(U5C, A14G) and P/V-CPI-.  WT SV5 is able to establish highly 

productive infections with minimal induction of antiviral cytokines (19).  Our lab studies 

naturally occurring variants of SV5 that, unlike WT, are potent activators of antiviral 

cytokine secretion.  Canine parainfluenza virus plus (CPI+) is closely related to SV5 and 

was originally isolated from a dog with neurological disorder (6).  A variant of CPI was 

recovered by Baumgartner and colleagues by experimental infection of the brain of a dog 

(7).  This variant was termed CPI minus (-) because it has lost the ability to degrade 

STAT1 (16).  Previously, our lab infected Vero cells with CPI+ and serially passaged the 

infected cells more than 100 times (132).  A virus was isolated by plaque purification 

from these cells and termed Wake Forest parainfluenza virus (WF-PIV).  Our lab has also 
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previously engineered an SV5 mutant containing six amino acid substitutions derived 

from the P/V gene of CPI-, hence this mutant’s formal name, SV5-P/V-CPI-. 

WF-PIV has high nucleotide sequence identity to SV5 with the exception of 

sporadic mutations throughout its genome (132).  Previous work has demonstrated that 

WF-PIV induces a high level of IL-6 and IL-8 secretion in A549 cells by 24 hpi, while 

WT SV5 remains a poor inducer of these proinflammatory cytokines.  Therefore, WF-

PIV offers a rich source of genetic variability that can be used to study how WT SV5 is 

able to limit host cell responses.   

In an effort to determine the role of the promoter in limiting host cell responses 

during WT SV5 infection, changes within the leader of WF-PIV were determined using 

5’RACE.  Nine nucleotides that varied from WT SV5 were identified in the 3’ terminal 

90 nucleotides that make up the promoter region of WF-PIV.  The first promoter element 

of Rubulaviruses is highly conserved and surprisingly, 2 nucleotide changes were found 

in this region of WF-PIV.  To determine the effect of these changes on viral RNA 

synthesis, an SV5 mutant called Le-(U5C,A14G) was constructed containing a U to a C 

change in the fifth position and an A to a G change in the fourteenth position within the 

WT-GFP backbone (Fig. 2a).  Importantly, the Le mutant retains a WT V protein capable 

of facilitating degradation of STAT1.   

 P/V-CPI- is an engineered SV5 mutant that contains six amino acid substitutions 

in the shared region of the P/V gene within the WT-GFP backbone as shown in Figure 

2b.  Like the parental CPI- virus, P/V-CPI- is unable to degrade STAT1 and consequently 

has lost its ability to block IFN signaling.  P/V-CPI- has been demonstrated to induce 

high levels of IFN-β and proinflammatory cytokine secretion (124).  This virus also 
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rapidly induces caspase-dependent cytopathic effects (CPE) (25).  A more detailed 

analysis of the life cycle of P/V-CPI- revealed that it expresses its protein and RNA 

earlier and to a higher level than WT SV5.  Interestingly, complementation of the either 

the WT P or V proteins reduced viral RNA, antiviral cytokines, and CPE (23).  This work 

has led to a correlation between increased viral gene expression and induction of host cell 

responses.  These mutants are useful tools utilized in this work to examine the factors that 

contribute to induction of antiviral cytokines during viral infection.   

 

Summary of thesis work.  The focus of this work was to gain understanding of how 

viral replication, viral antagonism, and expression of PRRs contribute to induction of host 

cell responses.  Much of the literature on virus infections has focused on how the viral 

antagonist limits host cell responses.  My studies have emphasized that fine control of 

RNA synthesis is also crucial to limit induction of host responses.  My work addresses 

the role of the leader in limiting host cell responses during SV5 infection through 

construction of a mutant containing two nucleotide changes in the first promoter element.  

The Le mutant was not defective in viral growth or gene expression.  On the contrary, it 

exhibited approximately a two-fold increase in viral RNA synthesis and rate of protein 

expression.  Interestingly, these host responses were activated in spite of expression of a 

functional viral antagonist, which indicates that production of a viral inducer outweighs 

the production of an antagonist (73). 

 Additional studies were carried out to determine which host cell sensors were 

detecting SV5 mutant infection and activating cytokine synthesis.  These investigations 

were carried out using the leader mutant and the previously characterized P/V mutant, 



 20

P/V-CPI-, that is also a potent inducer of host cell responses.  Using stably transfected 

cell lines or siRNA knockdown, I demonstrated that induction of cytokines during SV5 

mutant infection occurred in a manner consistent with production of dsRNA and RIG-I 

signaling.  I excluded the involvement of TLR3 in activation of cytokines by the mutants, 

but came upon an interesting finding demonstrating that RIG-I was upregulated when 

TLR3 was challenged with exogenous dsRNA (74).  Challenging TLR3 hypersensitized 

mutant infected cells to cytokine synthesis through RIG-I.  This work offers an important 

contribution to the understanding of induction of antiviral responses and indicates that the 

level of host PRR expressed in a cell heavily influences induction of host cell responses.       

 The work discussed above indicates the importance of viral replication in 

activation of host cell responses.  The final portion of my thesis addresses if WT SV5 can 

remain a poor activator of host responses in pDCs, which are specialized to detect viral 

infection in a replication-independent manner.  Indeed it was found that SV5 potently 

activates type I IFN in these cells through activation of TLR7.  The type of PRR 

expressed in this cell can directly recognize the viral genome and thus production of an 

antagonist is insufficient to limit host cell responses.  My work has addressed a gap in our 

knowledge regarding the extent to which certain factors contribute to host cell responses 

during viral infection.      
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Cells, viruses, and growth analysis.  Monolayer cultures of A549, HeLa, HEK-293 and 

BHK cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 

10% heat-inactivated fetal bovine serum (FBS). A549 cells that constitutively express 

reovirus type 3 Dearing sigma3 protein were generated by transfection with pCXN-

S4T3D followed by selection in DMEM containing 0.5 mg/ml G418  (57). Individual 

colonies were picked, expanded in media containing G418, and screened by Western 

blotting with polyclonal rabbit serum against sigma3.  The sigma3 plasmid and antiserum 

were kindly provided by T. Kobayashi and T. Dermody (Vanderbilt University School of 

Medicine).  HEK-293 cells that stably express TLR3 or LacZ (Invivogen) were 

maintained in DMEM containing 10 μg/ml Blastacidin.   

 WT SV5 expressing green fluorescent protein (SV5-GFP) was recovered as 

described previously from a cDNA plasmid kindly provided by Robert Lamb 

(Northwestern University) and Biao He (Penn State University) (43, 125). SV5-GFP 

stocks were grown in MDBK cells.  To construct the SV5 leader mutant Le-(U5C,A14G), 

PCR was used to introduce a T to a C change in position 5 and an A to a G in position 14 

of the leader region of the infectious clone for WT SV5-GFP. The Le-(U5C,A14G) 

mutant and P/V-CPI- were recovered as described previously, with minor modifications 

(125).  Virus stock was generated in Vero cells by low moi infection as described 

previously in order to prevent generation of defective particles (32).   
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To assay virus growth, ~106 A549 cells in 6-well dishes were infected at a 

multiplicity of infection (moi) of 0.05 (multi-step growth) or 10 (single-step growth) for 1 

hr and replaced with DMEM containing 2% FBS.  Supernatant was collected at various 

times and plaque assays were performed on CV-1 cells as described previously (125). 

 Human peripheral blood mononuclear cells were prepared as described previously 

(2).  Briefly, whole blood from healthy donors was subjected to Ficoll-Hypaque 

(Isolymph, CTL, Deer Park, NY) density gradient centrifugation. pDCs were isolated by 

positive selection through magnetic activated cell sorting (MACS) using CD304  

microbeads (Miltenyi Biotech).  pDCs were cultured in RPMI (Lonza) with 10% FBS 

(heat inactivated), 1% Penicillin/Streptomycin, 1% non-essential amino acids, 1% 100 

mM Sodium Pyruvate, 1% 200 mM L-glutamine all from BioWhitaker, and 1% 1 M 

HEPES.  pDCs were supplemented with 50 ng/ml IL-3  (Miltenyi Biotech, Auburn, CA) 

to promote cell viability.   

 

Western blotting, isotopic labeling and immunoprecipitation.  For Western blotting, 

6-well dishes of cells were infected as described in the figure legends. At each time point, 

cells were washed with PBS and lysed in 1% SDS. Protein concentration was determined 

by BCA assay (Pierce Chemicals) and equivalent amounts of protein were analyzed by 

Western blotting with rabbit antiserum specific for STAT1 (Santa Cruz Biotechnology), 

monoclonal anti-V5 (Invitrogen), RIG-I (Alexxis), GAPDH (24).  As a loading control, 

lysates were also probed with mouse anti-β-actin antibodies (A5316; Sigma).  Blots were 

visualized by horseradish peroxidase-conjugated secondary antibodies and enhanced 

chemiluminescence (Pierce Chemicals).     
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To examine rates of protein synthesis, cells were mock-infected or infected at a 

high moi. At the times p.i. indicated in the figure legends cells were starved for 25 min 

with DMEM lacking cysteine and methionine and then radiolabeled for 20 min with 100 

µCi/ml Tran[35S]-label. For chase experiments, cells were radiolabeled and then 

incubated in nonradioactive media for 3 hours, lysed in 1% SDS. Equal amounts of 

protein were immunoprecipitated using rabbit polyclonal antisera to SV5 NP, P, M and F 

proteins as described previously (24).  Immunoprecipitated protein was resolved on an 

SDS-PAGE gel, which was dried and exposed to film.  Band intensity was quantified 

using ImageJ software. 

 

Analysis of viral RNA, siRNA experiments and TLR challenge. The WF-PIV 

genomic promoter was cloned using 5’ rapid amplification of cDNA ends, according to 

manufacturer’s protocols (Invitrogen), on purified nucleocapsid-derived RNA isolated 

from infected cells. Details and primer sequences are available upon request. The 

resulting PCR amplified fragment was cloned into a pGEM5 vector and sequenced.  

RNase protection assays (RPA) were carried out using the Ambion RPAIII kit 

according to manufacturer’s protocols and as previously described (24). To detect 

mRNA, RNA was collected from mock-infected or high-moi infected samples using 

Trizol (Invitrogen). To assay levels of viral genomes, cells were collected in PBS 

containing 50 mM EDTA and cell lysates were treated with micrococcal nuclease to 

digest RNAs not encapsidated by NP (55, 88). RNA was isolated by Trizol extraction.  

Riboprobes were generated by in vitro transcription of a linearized plasmid 

encoding negative-sense M (for mRNA) or positive sense leader-NP junction sequences 
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(for genomes) in the presence of CTP [α32P] as detailed previously (24). Hybridized RNA 

samples were treated with RNase A/T1, resolved on a 9 M Urea 6% polyacrylamide gels, 

visualized by autoradiography, and quantified by phosphorimaging.      

For knockdown of RIG-I, A549 cells in 24-well plates were transfected using 

TransIT siQuest (Mirus) with siRNA specific for RIG-I (Dharmacon M-0125-01; 100 nM 

final concentration) or non-target control RNA (Dharmacon D-001206-13; 100 nM final 

concentration) according to manufacturer’s instructions and as previously described (32).  

Forty eight hrs post transfection, cells were infected as described above.   

To stimulate TLR3, cells were treated with 5 μg/ml of PolyI:C (Invivogen).  In 

the text this is referred to as exogenously added dsRNA to emphasize that the cells were 

treated with dsRNA in the absence of a transfection reagent.  Gardiquimod (InvivoGen, 

San Diego, CA) was used as a positive control at a concentration of 1 μg/ml to stimulate 

pDCs via TLR7.  For measuring RNA levels, total RNA was purified by Trizol extraction 

and used in RT-PCR reactions with the Titan one-tube RT-PCR kit along with primers 

specific for RIG-I or GAPDH (sequences from Invivogen, Inc). PCR parameters are 

available upon request. 

 

Reporter gene assays and IFN bioassays.  Cells in 6-well dishes were transfected with 

plasmids encoding luciferase under control of the IFN-β promoter and pSV-betagal 

(normalization control) at a concentration of 1 μg/mL using Lipofectamine 2000 

(Invitrogen)  (123).  For IL-8 experiments, control LacZ- or TLR3-expressing 293 cells 

in 24-well dishes were transfected using Fugene (Roche) with plasmids (0.3 ug/well) 

encoding luciferase under control of the IL-8 promoter along with plasmids expressing 
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dominant negative forms of RIG-I or TRIF (Invivogen, Inc) and with pSV-beta-gal to 

normalize transfections. After overnight incubation, cells were infected and cell lysates 

were harvested in reporter lysis buffer (Promega) at 24 h pi. Luciferase activity was 

determined using a TD-20/20 luminometer (Turner designs) and normalized to beta-

galactosidase levels.  Statistical significance was determined using a Student’s t-test.   

For IFN bioassays, media from infected control cells or sigma3 A549 cells or a 

titration of Universal type I IFN (PBL Biomedical Laboratories) was applied to freshly 

plated A549 cells in a 96-well dish for 24 hours.  Cells were then infected with vesicular 

stomatitis virus (VSV, kindly provided by Doug Lyles) at an moi of 3 and 24 hours later 

the sensitivity of the cells to killing by VSV was determined by cell viability assay (see 

below).  A known titration of type I IFN was used to determine levels of IFN in 

supernatant of infected samples.      

 

Enzyme-linked immunosorbent assays and cell viability assays. Immunoreactive IL-6 

or IL-8 (BD Opt EIA; BD Biosciences) or IFN-β or IFN-α (PBL Biomedical 

Laboratories) in infected extracellular media was quantified by a dual antibody sandwich 

ELISA according to manufacturer’s protocols. To allow comparison between 

experiments, cytokine levels were determined for the number of cells at the time of 

infection and values were normalized to 106 cells, with the exception of pDC experiments 

which were normalized to 2x105 cells. Cell viability was measured at the indicated times 

pi by using a CellTiter 96 AQueaous One Solution cell proliferation assay (Promega) 

according to the manufacturer’s instructions.  Data are expressed as fold increase in cell 

viability relative to mock infected cells. 
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Cell surface labeling and inhibition of TLR7.  For detection of surface markers cells 

were stained with the following conjugated monoclonal antibodies according to 

manufacturer’s recommendations, CD11c, CD123, CD80, and CD86 all from BD 

Pharmigen.  Samples were analyzed on a FACScan instrument using Cell Quest software 

(Benton Dickinson).  TLR7 was inhibited by 30 minute treatment prior to infection with 

IRS661, an oligonucleotide with the sequence 5'-TGCTTGCAAGCTTGCAAGCA-3' 

(87), at a concentration of 2.8 μM or chloroquine (Sigma) at a concentration of 2.5 μg/ml.   

 

Microscopy. Phase and fluorescent microscopy were carried out as described previously 

using a Nikon Eclipse microscope and a 20x  lens (131). Analysis of IRF-3 nuclear 

translocation was performed as detailed elsewhere (24).  Briefly, 24 hpi cells were fixed 

in 4% paraformaldehyde, washed and incubated with a primary antibody against IRF-3 

(BD PharMingen SL-12.1) and a secondary anti-human antibody conjugated to a 568 

fluorophore (Alexafluor).  Images were captured under Phase contrast or visualized for 

GFP expression using Qimaging digital camera and processed using Q-capture software.  

Exposure times were manually set to be constant between samples. 
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CHAPTER III 

 

A Role for the Paramyxovirus Genomic Promoter in Limiting Host Cell Antiviral 

Responses and Cell Killing 

 

Sections of this chapter have been previously published                                            

(Manuse and Parks, 2009, J. Virol.) 

 

Substitutions in genomic PrE-I region lead to elevated viral protein and RNA 

synthesis.  The hypothesis that two nucleotide substitutions incorporated into the highly 

conserved first promoter element of WT SV5 would alter viral RNA synthesis was tested 

through analysis of protein expression and viral growth.  Cells infected with the Le-

(U5C, A14G) mutant were found to overexpress viral protein. This is evident in the 

micrographs in Fig. 3A, where GFP expression was enhanced in cells 24 h pi with the Le-

(U5C, A14G) mutant compared to that seen with WT SV5-GFP. Western blotting 

analysis revealed similar results for other viral proteins (data not shown). To determine if 

increased levels of viral protein correlated with elevated rates of translation, infected cells 

were radiolabeled with Tran[35S]-label at various times pi, and proteins were analyzed by 

immunoprecipitation. As shown in Fig. 3B, the rate of protein synthesis at 16 h pi for the 

Le-(U5C, A14G) mutant was between 1.6-2.7 fold higher compared to SV5-GFP, and 

this was seen for proteins encoded in both the 3’ proximal (e.g., NP) as well as 3’-distal 

(e.g., F) regions of the genome. The rate of viral protein synthesis for both SV5-GFP and 

the Le-(U5C, A14G) mutant decreased at later times pi to ~30-40% of that seen at 16 h  
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Figure 3.  The Le-(U5C, A14G) Mutant Overexpresses Viral Protein              
Compared to WT SV5. 
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Figure 3.  A) Microscopy. A549 cells were mock infected or infected at an moi of 10 
with SV5-GFP or the Le-(U5C, A14G) mutant. Cells were examined by microscopy at 24 
h pi. B) Rate of viral protein synthesis. A549 cells were mock infected (M lane) or 
infected at an moi of 10 with SV5-GFP or the Le-(U5C, A14G) mutant. At the indicated 
h pi, cells were radiolabeled for 20 min with Tran[35S]-label. Cells were lysed and equal 
amounts of protein were immunoprecipitated with antibodies to the indicated proteins 
before analysis by SDS-PAGE and autoradiography. Numbers beneath the 
autoradiograms indicate the expression level relative to WT infected cells at 16 h pi. C 
and D) Virus growth kinetics. A549 cells were infected at an moi of 10 (panel C) or 0.05 
(panel D) and virus in the media at the indicated times pi was quantitated by plaque 
assay. Data are representative of three independent experiments.  
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pi. However, translation for the mutant was always higher than that seen for SV5-GFP at 

all timepoints and for all genes examined.  

 The Le-(U5C, A14G) mutant grew to ~one log higher titer than SV5-GFP under 

single-step growth conditions (Fig. 3C), but growth of the mutant virus was very similar 

to SV5-GFP in multi-step growth analysis (Fig. 3D). As we have reported previously, the 

enhanced gene expression and WT growth properties for the Le-(U5C, A14G) mutant are 

not consistent with the production of defective viral particles and the HA to PFU ratio 

was very similar between WT and mutant viruses (32).  

Levels of viral protein expression for negative strand RNA viruses are thought to 

be regulated primarily at the level of transcription (63). To determine if levels of viral 

RNA were also altered for the Le-(U5C, A14G) mutant, RNase protection assays (RPAs) 

were carried out using riboprobes specific for viral genomic RNA or for M mRNA as a 

representative viral gene. As shown in Fig. 4, M mRNA levels in cells infected with SV5-

GFP were initially high at 18 h pi, but levels decreased to the level of detection by 48 h 

pi. This result is consistent with the decrease in translation rates shown in Fig. 3B above. 

By contrast, cells infected with the Le-(U5C, A14G) mutant maintained levels of mRNA 

that were more than 2 fold higher than WT SV5 at all times pi. In contrast to mRNA, 

levels of genomic RNA were very similar for cells infected with WT and mutant viruses. 

Genomic RNA remained relatively constant out to 72 h pi, with the exception of slightly 

lower levels for the Le-(U5C, A14G) mutant at 72 h pi which may reflect the cytopathic 

effect (see below). Taken together, these results indicate that the Le-(U5C, A14G) mutant 

overexpresses viral protein, which correlates with an increase in the ratio of viral mRNA 

to genomic RNA compared to WT SV5.   
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Figure 4.  Accumulation of Le-(U5C, A14G) Mutant mRNA and Genomic RNA. 
 
 
  
 

 
 
Figure 4.  A549 cells were mock infected (M lane) or infected at an moi of 10 with SV5-
GFP or the Le-(U5C, A14G) mutant. At the indicated times pi, RNA was harvested as 
described in Materials and Methods and analyzed by an RPA using 32P-labeled 
riboprobes specific for M mRNA or the Leader-NP junction in genomic RNA. (-) and (+) 
indicate control samples where riboprobe alone was incubated without or with nuclease. 
The (-) lanes represent 1/50th of the input probe for each sample. Numbers for each lane 
indicate the fold change in signal relative to 18 h pi with SV5-GFP set at 1.0 
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The Le-(U5C, A14G) mutant induces cytokine responses, despite expressing a 

functional V protein.  The above finding of elevated viral mRNA synthesis with the 

leader mutant raised the hypothesis that Le-(U5C, A14G) virus would induce antiviral 

responses. To test this hypothesis, A549 cells were mock infected or infected at a high 

moi with SV5-GFP or the Le-(U5C, A14G) mutant, and levels of secreted IL-6 and IFN-

β were examined by ELISA. As shown in Fig 5A, cells infected with the Le-(U5C, 

A14G) mutant showed a time-dependent increase in IL-6 secretion, which was not seen 

with SV5-GFP infection.  IL-6 induction was eliminated by treatment of the leader 

mutant virus with UV light (Fig. 5B). Likewise, Le-(U5C, A14G) infection resulted in 

IFN-β secretion, but unlike IL-6, the levels of secreted IFN-β plateaued at a relatively 

low level and did not increase further after 24 h pi (Fig. 5C).    

IFN-β synthesis requires the activation and translocation of IRF-3 to the nucleus 

to initiate transcription of the IFN-β gene (45). To determine the extent of IRF-3 

activation by the leader mutant, A549 cells were infected at high moi with WT SV5-GFP, 

the Le-(U5C, A14G) mutant or with SV5-P/V-CPI-, a mutant that we have previously 

shown to be a potent inducer of IFN-β (24). As shown in Fig. 5D, the diffuse cytoplasmic 

IRF-3 location in WT SV5-GFP infected cells was indistinguishable from mock infected 

cells as described previously (24). In the case of the positive control P/V-CPI- infection, 

nearly all cells showed intense staining for IRF-3 in the nucleus, consistent with this virus 

inducing high levels of IFN-β. Most of the cells infected with the Le-(U5C, A14G) 

mutant showed diffuse cytoplasmic IRF-3 staining, although a few cells in the population 

showed bright nuclear localization. These data are consistent with results in Fig. 5C 

showing low level induction of IFN-β by the Le-(U5C, A14G) mutant. 



 32

Figure 5.  Induction of Proinflammatory Cytokines and IFN by the Le-(U5C, A14G) 
Mutant but not WT SV5. 
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Figure 5.  A, B, C) Induction of cytokines. A549 cells were mock infected or infected at 
an moi of 10 with SV5-GFP or the Le-(U5C, A14G) mutant and at the indicated times pi 
levels of secreted IL-6 (panel A and B) or IFN-β (panel C) were determined by ELISA. 
Results are the expressed as mean values from triplicate samples with error bars 
representing standard deviation and are normalized to 106 cells. *, p value less than 0.005 
compared to corresponding samples from control cells. For panel B, Le-(U5C, A14G) 
mutant virus was treated with or without UV light prior to infection. D) IRF-3 nuclear 
translocation. A549 cells were infected at an moi of 10 with the indicated viruses. At 24 h 
pi, cells were stained for IRF-3 using a monoclonal antibody and for the nucleus using 
DAPI. 
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  The SV5 V protein has been shown to block induction of both IL-6 and IFN-β, 

and can target STAT1 for degradation (22, 42, 68). The two Le-(U5C, A14G) mutations 

were engineered into the backbone of a recombinant virus encoding a WT V protein. As 

shown in Fig. 6A, the kinetics of V protein accumulation were slightly higher for cells 

infected with the Le-(U5C, A14G) mutant than for cells infected with SV5-GFP. 

Consistent with this, immunoprecipitation of lysates from radiolabeled cells showed that 

the rate of V protein synthesis was elevated for the Le-(U5C, A14G) mutant compared to 

that for SV5-GFP (Fig. 6B).  To confirm that V protein functioned in the context of the 

Le-(U5C, A14G) mutant infection, A549 cells were infected at an moi of 10 with the 

viruses indicated in Fig. 6C, and levels of STAT1 were analyzed by Western blotting at 8 

h pi. This timepoint was chosen in order to detect any small differences in the STAT1 

levels that may not be evident at later times pi. WT SV5-GFP reduced STAT1 levels 

compared to mock infected cells. STAT1 levels were not decreased following infection 

with the P/V mutant P/V-CPI- which is defective in targeting STAT1 degradation (125). 

Cells infected with the Le-(U5C, A14G) mutant showed a loss of STAT1 equivalent to 

that seen for WT SV5-GFP (Fig. 6C). These data indicate that the V protein expression 

kinetics are similar to that of WT SV5 and that V protein encoded by the Le-(U5C, 

A14G) mutant retains the cysteine-rich domain that is necessary for targeting STAT1 and 

sufficient for the inhibition of cytokine induction (17, 92).  
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Figure 6.  The Le-(U5C, A14G) Mutant Encodes a Functional V protein. 
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Figure 6.  A) Timecourse of V protein expression. A549 cells were infected at high moi 
and at the indicated times pi cell lysates were analyzed by Western blotting for levels of 
V protein and cellular actin. B)  Cells infected with the indicated viruses were labeled at 
24 h p.i. for 30 min with [35S]cysteine before immunoprecipitation with anti-V protein 
antibody.  C) STAT1 levels. A549 cells were infected at an moi of 10 with the indicated 
viruses. Cell lysates were prepared at 8 h pi, and levels of STAT1 and actin were 
determined by Western blotting. 
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The Le-(U5C, A14G) mutant induces cytopathic effects that correlate with increased 

level of F protein and cell-cell fusion.  Cells infected with the Le-(U5C, A14G) mutant 

showed cytopathic effects. This is evident in the microscopy pictures in Fig. 7A, where 

WT SV5-GFP established a largely noncytopathic infection even out to 72 h pi. By 

contrast, cultures infected with the Le-(U5C, A14G) mutant showed fewer cells, cell 

rounding, and syncytia starting as early as 48 h pi. Using an MTS cell viability assay 

(Fig. 7B), high moi infection with the Le-(U5C, A14G) mutant resulted in a time-

dependent loss of viability in both A549 and Hela cells that was not seen with SV5-GFP 

infection. By comparison to the highly cytopathic infection with the positive control P/V-

CPI- mutant, the loss of viability in cultures infected with the Le-(U5C, A14G) mutant 

was slower and less extensive.  

During the course of these studies, it was observed that cells infected with the Le-

(U5C, A14G) mutant had increased levels of cell-cell fusion. As shown in Fig. 8A, both 

A549 and BHK cells showed relatively little fusion after infection with SV5-GFP, but 

very large pockets of syncytia were evident in cultures infected with the Le-(U5C, A14G) 

mutant. Increased cell-cell fusion correlated with increased levels of the SV5 F protein. 

This is shown in the pulse-chase radiolabeling experiment in Fig. 8B where cells infected 

with the Le-(U5C, A14G) mutant synthesized ~2-3 fold higher levels of F protein than 

cells infected with WT SV5-GFP. Likewise, after a 3 hour chase period elevated levels of 

F were transported through the Golgi as assayed by the cleavage of F0 into F1. Together 

these data support the contention that cells infected with the Le-(U5C, A14G) mutant 

have higher levels of cleaved F protein as a result of the global increase in viral gene 

expression and this leads to increased cell-cell fusion and cell death.  
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Figure 7.  Cytopathic Effect induced by the Le-(U5C, A14G) Mutant                        
but not WT SV5-GFP. 
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Figure 7.  A) A549 cells were infected at an moi of 10 with SV5-GFP or the Le-(U5C, 
A14G) mutant and microscopy pictures were taken at 48 and 72 h pi. B) Cell viability. 
A549 or Hela cells were mock infected or infected with the indicated viruses at an moi of 
10. Cell viability was determined at 48, 72, and 96 h pi using an MTS viability assay. 
Data are from quadruplicate samples and are expressed as a percentage of the value 
obtained with mock infected cells. Error bars represent the standard deviation.   
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Figure 8.  The Le-(U5C, A14G) Mutant Induces Cytopathic Effects that Correlate 
with Increased Level of F Protein and Cell-Cell Fusion. 
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Figure 8.  A) Microscopy pictures. A549 or BHK cells were mock infected or infected 
with the indicated viruses at an moi of 10. Microscopy pictures were taken at 48 h pi. 
Arrows indicate syncytia pockets. B) Rate of F protein expression and cleavage. A549 
cells that were mock infected or infected with the indicated viruses were pulse-labeled for 
20 min with Tran[35S]-label. Cells were either immediately lysed (pulse lanes P) or lysed 
after incubation for 3 hr in nonradioactive media (chase lanes, C), immunoprecipitated 
with anti-F antiserum, and analyzed by SDS-PAGE and autoradiography. 
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CHAPTER IV 

 

SV5 Mutant Induction of Cytokines through RIG-I and Enhanced Cytokine 

Secretion through TLR3-Dependent Upregulation of RIG-I 

 

Sections of this chapter have been previously published                                                   

(Manuse and Parks, 2009, J. Virol; Manuse and Parks, 2010, Virology) 

 

Role of RIG-I and dsRNA in cytokine induction by the Le-(U5C, A14G) mutant. The 

V protein has been shown to bind to and inhibit the RNA helicase MDA5, but not RIG-I 

(1, 17). The above findings that the Le-(U5C,A14G) mutant induced cytokine secretion 

in the presence of WT V protein raised the hypothesis that RIG-I contributed to IL-6 and 

IFN induction. siRNA experiments were carried out to determine if knockdown of RIG-I 

levels affected the induction of cytokines by Le-(U5C,A14G) infection. Western blotting 

showed that levels of RIG-I at 48 h post transfection were reduced by >50% in A549 

cells treated with siRNAs specific for RIG-I (Fig. 9A, lane 3) but not in control samples 

(Fig. 9A, lane 2). At 48 hours post-siRNA treatment, cells were mock infected or infected 

with SV5-GFP or Le-(U5C, A14G). Twenty four h later, media were collected and 

cytokine levels determined by ELISA. As shown in Fig. 9B and C, there was a substantial 

decrease in levels of IL-6 and IFN-β released from infected cells in which RIG-I levels 

were reduced, indicating a role for RIG-I in activation of cytokines by the Le-(U5C, 

A14G) mutant.   
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Figure 9.  Role of RIG-I in Cytokine Induction by the Le-(U5C, A14G) Mutant. 
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Figure 9.  A) RIG-I knockdown. A549 cells were left untreated (lane 1) or transfected 
with control siRNA (lane 2) or siRNA targeting RIG-I (lane 3). Forty eight h post 
transfection, levels of RIG-I and actin were assayed by western blotting. B and C) 
Cytokine secretion. A549 cells were transfected with control siRNA or siRNA specific 
for RIG-I. At 48 h post transfection, cells were mock infected or infected at an moi of 10 
with SV5-GFP or the Le-(U5C, A14G) mutant, and levels of secreted IL-6 (panel B) or 
IFN-β (panel C) were measured by ELISA at 24 h pi. Results are expressed as mean 
values from triplicate samples with error bars representing standard deviation and are 
normalized to 106 cells. *, p value less than 0.005 compared to corresponding samples 
from control cells. 
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RIG-I is reported to respond to dsRNA produced during virus infection (52).  To 

determine the role of dsRNA in cytokine induction by the Le-(U5C, A14G) mutant, an 

A549 cell line was engineered to express the reovirus sigma3 protein which is known to 

specifically bind dsRNA (Fig. 10A) (133). A549 control and sigma3-expressing cells 

were mock infected or infected at high moi with the Le-(U5C, A14G) mutant, and levels 

of IL-6 were assayed at various times pi. As shown in Fig. 10B and C, there was a 

significant decrease in IL-6 and IFN-β secretion by the Le-(U5C, A14G) mutant in 

sigma3-expresssing A549 cells compared to control A549 cells.  

Reduced cytokine secretion from sigma3-expressing cells could be due to a 

reduction in levels of viral mRNA. To test this possibility, levels of M mRNA were 

determined by RPA at 48 h pi. As shown in Fig. 10D, mRNA levels for WT SV5-GFP 

were at the limit of detection as demonstrated in previous figures and were not altered by 

sigma3 expression. Importantly, levels of M mRNA for the Le-(U5C, A14G) mutant 

were not reduced in the sigma3-expressing cells, but instead were ~3 fold higher 

compared to control A549 cells. Together, these results indicate that the Le-(U5C, A14G) 

mutant induces proinflammatory cytokines through a mechanism that involves 

production of dsRNA and activation of RIG-I signaling. 

 

RIG-I and dsRNA contribute to induction of cytokines by P/V-CPI-. We 

hypothesized that cytokine secretion induced by P/V-CPI- would also be dependent on 

RIG-I.  To test this, a reporter gene assay indicating level of activation of the IFN-β 

promoter was carried out in cells transfected with a dominant negative form of RIG-I .  

Sixteen h after transfection, cells were infected at a high moi with WT SV5-GFP or P/V- 
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Figure 10.  Role of dsRNA in Cytokine Induction by the Le-(U5C, A14G) Mutant.  
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Figure 10.  A) A549 cells expressing reovirus sigma 3 protein. Control A549 cells or 
cells that stably express the reovirus sigma 3 protein were analyzed by western blotting 
for levels of sigma 3. B and C) Cytokine secretion. Control or sigma3-expressing A549 
cells were mock infected or infected at an moi of 10 with the Le-(U5C, A14G) mutant, 
and levels of secreted IL-6 were measured by ELISA at the indicated times pi. For panel 
C, IFN-β levels were determined at 24 h pi. Results are expressed as mean values from 
triplicate samples with error bars representing standard deviation. * and #, p value less 
than 0.005 and 0.05, respectively for comparing to corresponding samples from control 
cells. D) Viral M mRNA levels in sigma3-expressing cells. Control or sigma3-expressing 
A549 cells were mock infected or infected at an moi of 10 with the indicated viruses. 
RNA harvested at 48 h pi was analyzed by RPA using a probe specific for M mRNA. 
Probe only lane (-) represents 1/50th of the input probe for each sample. M, mock; Le, Le-
(U5C, A14G) mutant; SV5, SV5-GFP.  
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CPI- and 24 h pi lysates were collected and analyzed for luciferase activity.   Fig. 11A 

demonstrates that unlike WT SV5-GFP, P/V-CPI- potently activates the IFN-β promoter, 

however when the dominant negative form of RIG-I is present (open bars), promoter 

activity is greatly reduced.   

Additionally, the involvement of RIG-I in activation of cytokines by P/V-CPI- 

was tested by reducing endogenous levels of protein by siRNA knockdown. As shown in 

Fig. 11B, levels of RIG-I and GAPDH control, were reduced ~50% by 48 h post 

transfection (h pt) with gene-specific siRNAs, consistent with previous reports on the 

level of RIG-I knockdown in A549 cells (73). At this time, A549 cells were infected at 

high moi with WT SV5-GFP or with P/V-CPI-. At 24 h pi (72 h pt) media were analyzed 

by ELISA for presence of cytokines. As shown in Fig. 11C, WT SV5-GFP was a poor 

inducer of cytokines, and RIG-I knockdown had little effect. By contrast, control siRNA-

treated cells that were infected with the P/V-CPI- mutant showed high levels of secreted 

IL-6 and IFN-β. P/V-CPI- infected cells in which RIG-I levels were decreased showed 

significant reduction in cytokine secretion.  Together, these results support the hypothesis 

that RIG-I is involved in activation of cytokine secretion by P/V-CPI-. 

  To determine the role of dsRNA in cytokine induction by P/V-CPI-, an A549 

cell line that stably expresses the reovirus sigma3 protein was utilized.  We have 

previously shown that the efficiency of infection of sigma3-expressing cells does not 

differ significantly from that seen with control cells or between infections (32).  Figure 

12A demonstrates that both WT SV5 and P/V-CPI- grew to ~1 log higher in cells 

expressing sigma3 compared to control cells.  Control A549 cells or sigma3-expressing 

cells were infected with SV5-GFP or P/V-CPI- and levels of secreted type I IFN and IL-6 
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Figure 11.  RIG-I Contributes to Cytokine Induction by P/V-CPI-.  
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Figure 11.  A)  Reporter Gene Assay.  A549 cells were co-transfected for 16 h with a 
plasmid expressing luciferase under control of the IFN-β promoter and a either a RIG-I 
DN plasmid or its empty vector (control), and pSV-beta-galactosidase for normalization. 
Sixteen hrs pt, cells were infected with the indicated viruses. At 24 h pi lysates were 
harvested and analyzed for levels of luciferase activity.  Results are expressed as fold 
over mock and error bars indicate standard deviation of triplicate samples.  B) siRNA 
knockdown of RIG-I.  A549 cells were left untreated (lanes 1 and 4) or transfected with 
100 uM of siRNA targeting RIG-I (lanes 2 and 5) or GAPDH (lanes 3 and 6) as a control.  
At 48 and 72 h pt, levels of RIG-I, GAPDH, and actin were assayed by Western blotting.  
C) Cytokine secretion. A549 cells were transfected with siRNA targeting GAPDH or 
RIG-I and at 48 h pt cells were infected at a high moi with SV5-GFP or P/V-CPI-. At 24 
h pi (72 h pt), levels of IL-6 (left panel) or IFN-β (right panel) were measured by ELISA. 
Results are expressed as mean values from triplicate samples with error bars representing 
standard deviation and values are normalized to 106 cells.  *, p value less than 0.008 
compared to corresponding samples from GAPDH siRNA treated control cells. 
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were determined by a VSV-based bioassay or by ELISA, respectively. As shown in Fig. 

12B, A549-sigma3 cells infected with the P/V-CPI- mutant released significantly lower 

levels of both IL-6 and type I IFN compared to infection of control A549 cells.   

Translocation of IRF-3 to the nucleus is required to initiate synthesis of the IFN-β 

gene (45). To determine the extent to which IRF-3 activation was changed by expression 

of a dsRNA-binding protein, A549 control cells or A549-sigma3 cells were mock-

infected or infected at high moi with SV5-GFP or P/V-CPI-. At 24 h pi, cells were 

permeabilized and stained with an IRF-3 antibody.  In all cases, mock infected cells and 

cells infected with WT SV5-GFP showed a diffuse cytoplasmic staining of IRF-3. 

Infection of A549 control cells with the P/V mutant resulted in a bright nuclear staining 

for IRF-3, consistent with activation and translocation to the nucleus of infected cells (Fig 

12C). By contrast, A549-sigma3 cells showed levels of IRF-3 staining that were similar 

to that of mock infected or WT SV5-GFP infected cells. Loss of nuclear IRF-3 staining in 

P/V mutant infected cells was not due to lower virus gene expression, since slightly 

higher levels of viral M mRNA were found in infected cells expressing sigma3 compared 

to control cells (data not shown). Taken together these results support the hypothesis that 

dsRNA produced during P/V-CPI- replication activates RIG-I and IRF-3 pathways that 

contribute to cytokine induction. 

 

TLR3 does not mediate cytokine induction by SV5 mutants.  To test the role of TLR3 

in SV5-mediated cytokine secretion, A549 cells were transfected with a reporter plasmid 

encoding luciferase under control of the IFN-β promoter along with a plasmid expressing 

TLR3.  Cells were then infected at an moi of 10 with WT SV5-GFP or the  
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Figure 12.  Role of dsRNA in Cytokine Induction by P/V-CPI-.  
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Figure 12.  A) Virus Growth.  Control or sigma3-expressing A549 cells were infected at 
an moi of 0.05 with WT SV5-GFP or P/V-CPI- and virus titers were determined at the 
indicated times post-infection.  B) Cytokine induction. Control or sigma3-expressing 
A549 cells were infected at a high moi with SV5-GFP or P/V-CPI-. At 24 h pi, media 
was analyzed for levels of IL-6 by ELISA (left panel) or Type I IFN by bioassay (right 
panel). Results are expressed as mean values from triplicate samples with error bars 
representing standard deviation. For IL-6, values are normalized to 106 cells.  *, p value 
less than 0.004 compared to corresponding control cells.  C) IRF3 nuclear translocation. 
Control or sigma3 A549 cells were infected at an moi of 10 with the indicated viruses. At 
24 h pi, cells were stained with DAPI and with antibodies specific for IRF-3. 
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P/V mutant.  As shown in Fig. 13A, the P/V mutant induced significant activation of the 

IFN-β promoter, but importantly there was very similar promoter activation between 

control cells and cells overexpressing TLR3.  

As an alternative approach, we utilized 293 cells that inherently do not express 

TLRs. The 293 cells are stably transfected with plasmids expressing either TLR3 or LacZ 

as a control and were mock-infected or infected at a high moi with WT SV5-GFP or P/V-

CPI-.  The two cell lines showed similar levels of infection by these two viruses (Fig 

13B).  Likewise, high moi titers were 107 PFU/ml for all infections and did not differ by 

more than 0.5 log between each virus/cell combination (data not shown). At 24 h pi, 

media was harvested and analyzed by ELISA for presence of IL-8. As expected, Fig. 13C 

shows that treatment of the 293-TLR3 cells with exogenous dsRNA resulted in high 

levels of IL-8 secretion, but this was not seen with 293-LacZ control cells. WT SV5-GFP 

was a poor inducer of IL-8 in both cell lines. In the case of cells infected with the P/V-

CPI- mutant, levels of IL-8 secretion were higher than that seen with WT SV5.  

Importantly, this elevated synthesis did not differ between cells expressing TLR3 and the 

control LacZ. Together these data indicate that the P/V-CPI- mutant does not induce 

cytokine synthesis through TLR3-dependent pathways. 

We have previously described a recombinant SV5 mutant Le-(U5C, A14G) that 

contains two nucleotide substitutions in the non-coding Leader promoter. Despite 

containing a functional V protein, this mutant is similar to P/V-CPI-, because it induces 

IL-6 and IFN-β secretion through RIG-I signaling (73). As shown in Fig. 13A, A549 cells 

infected with Le-(U5C, A14G) demonstrated IFN-β promoter activation above that seen 

with WT SV5-GFP. However, in 293-TLR3 cells (Fig. 13C) or in transfected  
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Figure 13.  WT and Mutant SV5 do not Activate TLR3 Pathways and do not Block 
dsRNA-Mediated TLR3 Signaling. 

 
 

0
200
400
600
800

1000
1200
1400
1600
1800
2000

Mock SV5-GFP PV-CPI- Le Mut +

IL
-8

 p
g/

m
l p

er
 1

06
ce

lls Control Cells

TLR3 Cells

0

5

10

15

20

25

30

35
Fo

ld
 M

oc
k 

Lu
ci

fe
ra

se
A

ct
iv

ity Control

+ TLR3

SV5-GFP PV-CPI- Le Mut

A. B.

C.

0

500

1000

1500

2000

Mock SV5-GFP PV-CPI- Le mutant

IL
-8

 p
g/

m
l p

er
 1

06
ce

lls Untreated

+ dsRNA

D.

Mock SV5-GFP PV-CPI-

Control 
Cells

TLR3
Cells

 
 
 
Figure 13.  A) Overexpression of TLR3. A549 cells were co-transfected with a plasmid 
expressing TLR3 or its empty vector (as a control) along with a plasmid encoding 
luciferase under the control of the IFN-β promoter. At 16 h pt, cells were infected with 
indicated viruses. At 24 h pi, lysates were harvested and luciferase activity was 
determined. The p value as determined by student’s t-test was p>0.05 for each condition 
between control and TLR3 expressing cells.  B)  Infection of 293 cells.  293 cells stably 
expressing TLR3 or LacZ (control) were mock infected or infected at an moi of 10 with 
WT SV5-GFP or P/V-CPI-.  At 24 h pi, cells were examined for GFP expression.  C) 293 
cells stably expressing TLR3 or LacZ (as a control) were mock infected or infected at an 
moi of 10 with WT SV5-GFP, or the mutants P/V-CPI- or Le-(U5C, A14G). As a 
positive control, cells were treated with extracellular dsRNA (PolyI:C; 5 ug). At 24 h pi, 
media were analyzed by ELISA for levels of IL-8.  D) 293-TLR3 were mock infected or 
infected at a high moi with the indicated viruses and 6 h later were left untreated or 
challenged with extracellular dsRNA (PolyI:C; 2.5 ug). At 24 h pi media was harvested 
and analyzed by ELISA for levels of IL-8. Le Mut; Le-(U5C, A14G).  For all panels, 
results are expressed as mean values from triplicate samples with error bars representing 
standard deviation.  For IL-8 assays, values are normalized to 106 cells. 
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A549 cells (Fig 13A), overexpression of TLR3 did not significantly change the secretion 

of IL-8 or activation of the IFN-β promoter. Therefore, both the P/V-CPI- and the Le-

(U5C, A14G) induce cytokine synthesis, but in both cases this is not affected by levels of 

TLR3.  

The above findings raised the question of whether SV5 is capable of blocking 

activation of TLR3. To address this, 293-TLR3 cells were mock infected or infected at a 

high moi with WT SV5-GFP, or with the mutants P/V-CPI- or Le-(U5C, A14G). Cells 

were then challenged at 6 h pi with exogenous dsRNA and levels of secreted IL-8 were 

determined by ELISA at 24 h pi. As expected, mock infected cells showed a sharp 

increase in IL-8 secretion following treatment with dsRNA (black bars, Fig. 13D), and a 

very similar response was seen with cells infected with WT SV5-GFP.  Surprisingly, 

dsRNA-treatment of cells infected with the P/V or leader mutant resulted in a much 

higher level of IL-8 secretion than that seen with challenged mock or WT SV5 infected 

cells. Together, these data are consistent with the proposal that WT SV5 and SV5 

mutants cannot block TLR3-dependent responses in human epithelial cells.  

 

dsRNA-mediated TLR3 signaling upregulates RIG-I synthesis, independent of IFN 

signaling. The above findings indicate that cytokine secretion from cells infected with 

the SV5 mutants: 1) is dependent on RIG-I, 2) is not altered by TLR3 overexpression and 

3) is greatly enhanced when dsRNA is added to TLR3-expressing cells. These findings 

raise the hypothesis that TLR3 stimulation by dsRNA enhanced cytokine secretion from 

infected cells by increasing RIG-I expression.  
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Consistent with this hypothesis, activation of TLR3 by exogenous dsRNA 

resulted in increased levels of RIG-I mRNA and protein. This is evident in Fig. 14, where 

levels of RIG-I protein (panel A) and mRNA (panel B) were elevated after dsRNA 

treatment of 293-TRL3 cells, but this was not seen in the case of control 293-LacZ cells.  

Three experimental results support the contention that dsRNA-mediated 

upregulation of RIG-I in 293 cells was independent of IFN signaling. First, 293-TLR3 

and control 293-LacZ cells express very low levels of IFN-β, and this was not further 

increased by treatment with dsRNA (Fig. 14C). Secondly, addition of a neutralizing 

antibody to IFN-β had no effect on the upregulation of RIG-I in dsRNA-challenged 293-

TLR3 cells (data not shown).  Finally, STAT1 levels were reduced in cells infected with 

WT SV5 and the Leader mutant (Fig. 14D), consistent with these viruses encoding a 

functional V protein for targeting STAT1 degradation. STAT1 was not degraded by 

infection with the P/V mutant, which encodes a defective V protein (125). Nevertheless, 

despite differences in STAT1 degradation between the P/V and leader mutants (Fig. 

14D), RIG-I synthesis was induced in response to dsRNA during virus infection (Fig. 15, 

below). These data indicate that TLR3 signaling upregulates RIG-I and this occurs 

independent of IFN-β signaling. 

To determine the relationship between RIG-I induction and cytokine synthesis, 

levels of RIG-I protein and IL-8 secretion were assayed at various times after challenge 

of infected cells with dsRNA (hours post-challenge, hpc). As shown in Fig. 15, 293-

TLR3 cells that were mock infected or infected at high moi with WT SV5-GFP showed 

very low or undetectable levels of RIG-I, and these levels were greatly enhanced by 

exposure to dsRNA (panel A, left). This RIG-I expression profile correlated with a low  
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Figure 14.  TLR3 Signaling Increases RIG-I Expression, but is not Dependent on 
IFN Signaling.   
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Figure 14.   A and B) dsRNA increases RIG-I expression. 293 cells expressing TLR3 or 
LacZ (control) were treated without (-) or with (+) extracellular dsRNA. After 18 h, 
lysates were harvested and analyzed by Western blotting for levels of RIG-I and actin 
(panel A) or by RT-PCR for levels of RIG-I and GAPDH RNA (panel B). C) IFN-β 
secretion. 293 cells expressing TLR3 or LacZ were treated without (-) or with (+) 2.5 ug 
dsRNA and after 18 h media was collected and analyzed by ELISA for IFN-β.  Media 
from A549 cells infected with P/V-CPI- was used as a positive control. Data are from 
triplicate samples and error bars represent standard deviation. D) Effect of IFN-β 
antibody. Parallel cultures of 293-TLR3 cells were treated without (-) or with (+) dsRNA) 
and then cultured with or without a neutralizing antibody against IFN-β. Levels of RIG-I 
and actin were determined by western blotting. E) STAT1 levels. 293-TLR3 cells were 
mock infected or infected at high moi with the indicated viruses. At 6 h pi, cells were left 
untreated or treated with (+) dsRNA. Six hr later, cell lysates were analyzed by western 
blotting for STAT1 and actin.  
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level of IL-8 secretion in untreated cells, and a slightly enhanced IL-8 secretion by 

dsRNA treatment (panel B, mock and SV5-GFP panels). By contrast, unchallenged cells 

that were infected with the P/V or Leader mutants showed time-dependent increases in 

RIG-I, and these levels were further enhanced by dsRNA treatment (Fig. 15A, right 

panels). Lower levels of secreted IL-8 correlated with the amount of RIG-I induced by 

infection alone and much higher levels of IL-8 correlated with a further increase RIG-I 

after dsRNA treatment (Fig. 15B, right). Together, these data show that level of RIG-I 

expression correlates with the amount of IL-8 synthesis.  

 

Enhanced IL-8 synthesis from SV5 mutant infected cells challenged with dsRNA is 

dependent on RIG-I and TRIF.  The above data are consistent with a model whereby 

dsRNA signaling through TLR3 induces RIG-I expression, and this in turn enhances IL-8 

synthesis in response to virus infection. A prediction of this model is that IL-8 promoter 

activity in dsRNA-treated cells infected with SV5 mutants will be reduced by dominant 

negative (DN) versions of both RIG-I and TRIF, the required adaptor molecule of the 

TLR3 signaling pathway.  

 Fig. 16 shows a schematic diagram of the experimental procedure to test this 

model. 293-TLR3 cells were co-transfected with a plasmid encoding luciferase under 

control of the IL-8 promoter and either a DN-RIG-I (panel A) or DN-TRIF (panel B) or a 

control plasmid (13). Sixteen h later, cells were mock infected or infected at high moi 

with WT SV5-GFP or the P/V or Leader mutants. Six h pi, cells were treated with 

dsRNA and luciferase activity was measured 18 h pt. As shown in the graph in Fig. 16A,  
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Figure 15.  Kinetics of RIG-I Induction and Cytokine Secretion Following Infection 
and Treatment with dsRNA.  
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Figure 15.  293-TLR3 cells were mock infected or infected at high moi with the 
indicated viruses. At 6 h pi, cells were left untreated or treated with (+) 2.5 ug dsRNA. At 
the indicated times post challenge with dsRNA, cell lysates were analyzed for levels of 
RIG-I and actin (panel A) or media was analyzed for levels of IL-8 by ELISA (panel B). 
For panel B, data are from triplicate samples and error bars represent standard deviation 
from the mean. 
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cells that were not treated with dsRNA showed relatively low levels of luciferase from 

the IL-8 promoter, with cells infected with the P/V or Leader mutants having ~5-10 fold 

increases in luciferase levels compared to cells infected with WT SV5-GFP. In control 

samples, treatment with dsRNA induced IL-8 promoter activity that was higher for cells 

infected with the P/V and Leader mutants (~45-60 fold increased) than with mock or WT 

SV5 infected cells (~10-20 fold increases). This was consistent with the IL-8 secretion 

data shown in Fig. 13D above. Most importantly, in the presence of the DN RIG-I 

plasmid, IL-8 promoter activation after dsRNA treatment was significantly reduced to 

levels (~10 fold increases over untreated) similar to that seen with mock infected cells. 

These data support a role for RIG-I in increased activation of the IL-8 promoter upon 

dsRNA challenge to mutant virus infection. 

 To determine if TLR3 signaling was also required for the dsRNA-mediated 

enhancement of IL-8 induction, the same experimental procedure was carried out, but in 

this case a plasmid encoding a DN version of TRIF was cotransfected with IL-8 reporter 

plasmid. As shown in Fig. 16B, cotransfection of the DN TRIF plasmid significantly 

reduced the level of IL-8 promoter activity that resulted from addition of dsRNA to mock 

infected or virus infected cells. These results demonstrate that WT SV5 is unable to block 

dsRNA-mediated activation of TLR3 or RIG-I induction.  Taken together, these data are 

consistent with a model whereby dsRNA signaling through TLR3 results in upregulation 

of RIG-I, which functions to amplify cytokine responses in cells infected with SV5 

mutants.   
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Figure 16.  dsRNA-Induced Enhancement of IL-8 Synthesis in SV5 Infected Cells is 
Dependent on RIG-I and TRIF. 
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Figure 16.  293-TLR3 cells were co-transfected with plasmids encoding luciferase under 
the control of the IL-8 promoter, a dominant negative form of RIG-I (A) or TRIF (B) or 
an empty vector control, and pSV-beta-galactosidase for normalization. Sixteen hrs pt, 
cells were infected with the indicated viruses. Six hours later, cells were left untreated or 
treated with dsRNA. Lysates were harvested at 24 h pi and analyzed for luciferase 
activity.  Results are expressed as fold over that seen with mock infected cells not treated 
with dsRNA. Data are from triplicate samples and error bars represent standard deviation. 
A) *; p<0.05; #, p<0.02 comparing dominant negative to corresponding control samples. 
B)  *; p<0.02; #, p<0.001; **, p<0.005 comparing dominant negative to corresponding 
control samples.  P/V Mut, P/V-CPI-; Le Mut, Le-(U5C, A14G).   

A 

B 
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CHAPTER V 

 

SV5 Infection of Plasmacytoid Dendritic Cells 

 

Characterization of plasmacytoid DCs.  This work has highlighted that host cell 

responses are activated by SV5 mutants that overexpress viral RNA, but are not activated 

by WT SV5. We hypothesize that SV5 is a poor inducer of host cell responses not only 

because it encodes a viral antagonist, but also because it is able to finely tune viral gene 

expression.  This raised the question of whether SV5 would remain a poor inducer in 

cells specialized to recognize viruses in a replication-independent manner.  Plasmacytoid 

dendritic cells are equipped with unique PRRs, TLR7 and TLR9, which are capable of 

directly recognizing the viral genome, even in the absence of viral gene expression (3).  

pDCs have been noted for secretion of very large amounts of type I IFN in response to 

viral infection.  It is documented that pDCs express differential cell surface markers 

compared to myeloid DCs which signifies that pDCs are a distinct subset of DCs (111).  

Here, plasmacytoid DCs were isolated from PBMCs from whole human blood by 

positive selection using anti-CD304 antibody-conjugated microbeads. Figure 17A 

validates the previously defined profile of high CD123 (IL-3 receptor) expression and 

lack of CD11c expression on the human blood isolated pDCs used in these studies. On 

the other hand, myeloid DCs express high levels of CD11c and very low levels of CD123 

(Fig. 17B).   



 56

Figure 17.  Characterization of Plasmacytoid Dendritic Cells  
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Figure 17.  A)  Plasmacytoid DCs.  pDCs were isolated by positive selection from 
PBMCs from whole human blood using CD304 microbeads and were placed directly into 
culture after isolation with 10 ng/ml IL-3.  After overnight culture cells were surface 
stained for expression of CD123 and CD11c (bold lines) or an isotype control (thin lines) 
and analyzed by flow cytometry.  B)  Myeloid DCs.  Monocyte precursors were isolated 
from PBMCs from whole human blood by positive selection using CD14 microbeads.  
Isolated cells were placed into culture with 10ng/ml IL-14 and 10ng/ml GMCSF for 6 
days to drive differentiation into myeloid DCs.  Cells were then surface stained for 
expression of CD123 and CD11c (bold lines) or an isotype control (thin lines) and 
analyzed by flow cytometry.   
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SV5 infection of pDCs can be driven by increasing the moi.  To determine if SV5 

could establish a productive infection in pDCs, cells were mock-infected or infected at an 

moi of 10, 50 or 100 PFU/cell with WT SV5 expressing eGFP.  Figure 18A demonstrates 

that a very low number of pDCs express eGFP when infected by SV5 at an moi of 10, as 

indicated by eGFP fluorescent micrographs.  However, with an increasing moi, eGFP 

expression was detected in a greater number of pDCs.  The percent of pDCs that were 

positive for SV5 eGFP expression was quantified for five different donors by flow 

cytometry (Fig. 18B).  At an moi of 10, on average 15% of the pDC population was 

eGFP positive, but upon infection at an moi of 100, an average of 35% of the pDCs were 

positive for eGFP expression.  UV-inactivated SV5 showed no viral gene expression as 

expected (Fig. 18A).  In addition, viral NP and M protein expression was confirmed by 

metabolic labeling and immunoprecipitation of lysates from cells infected with SV5 but 

not UV-inactivated SV5 (data not shown).  These data demonstrate that SV5 can 

productively infect pDCs and that infection of more cells can be driven by increasing the 

moi. 

    

SV5 infected pDCs secrete IFN-α and upregulate cell-surface expression of 

maturation markers.  To determine the response to infection, pDCs were mock 

infected, infected with live SV5 or UV-inactivated SV5 at an moi of 100 or treated with 

the TLR7 agonist Imiquimod as a positive control.  Twenty-four h later, supernatant was 

harvested and analyzed by ELISA for levels of IFN-α.  Figure 19A shows IFN-α 

secretion from SV5 infected pDCs isolated from three different donors.  In all cases, SV5 

induced a robust induction of IFN-α, although levels are not as high as that observed  
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Figure 18.  Moi-Dependent Infection of Plasmacytoid DCs 
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Figure 18.  A) pDCs were mock infected, infected at an moi of 10, 50 or 100 with SV5-
eGFP or infected with UV inactivated SV5 at an moi of 100.  Phase (top panel) or eGFP 
(bottom panel) micrographs were taken at 24 h pi.  B)  pDCs from five different donors 
were mock infected or infected at an moi of 10, 50 or 100 with WT SV5-eGFP.  At 24 h 
pi the number of eGFP positive cells were quantified by flow cytometry.  The average for 
each condition is represented by the bar. 
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Figure 19.  IFN-α Production from SV5 Infected Plasmacytoid DCs. 
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Figure 19.  A) pDCs from three donors were mock infected, infected with live or UV-
treated SV5 at an moi of 100, or treated with 1 μg/ml Imiquimod as a positive control.  At 
24 h pi supernatant was harvested and analyzed by ELISA for level of IFN-α.  The bars 
indicate the average of three donors for each condition. B) pDCs from one donor were 
mock infected, infected with live or UV-treated SV5 at an moi of 100, or treated with 1 
μg/ml Imiquimod.  At 4, 8, 12, and 24 h pi supernatant was harvested and analyzed for 
levels of IFN-α. 
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for cells treated with the positive control Imiquimod.  SV5 UV infection induced similar 

levels as the live virus, indicating that IFN-α induction was occurring in a replication-

independent fashion.  Figure 19B demonstrates that infection of pDCs showed a time-

dependent increase in IFN-α induction which was similar between live and UV-

inactivated infection. 

 At the same time which supernatant was harvested, cells were collected and 

stained with antibodies for surface levels of maturation markers CD80 and CD86.  As 

seen in Figure 20, CD80 (panel A) and CD86 (panel B) expression following SV5 

infection was well above that seen for mock infected cells (indicated by the dotted line) 

for each donor tested.  Similar to IFN-α induction, maturation marker expression did not 

differ between live or UV-inactivated virus and also was higher for the positive control.  

Taken together these results indicate that SV5 is a potent activator of host cell responses 

in pDCs and activation is not dependent on virus replication.  

 

SV5 induced IFN-α secretion and upregulation of maturation markers is inhibited 

by a TLR7 antagonist.    To determine if activation of pDCs by SV5 infection was 

occurring through TLR7, cells were pre-treated with IRS 661.  A distinct subset of 

atypical, nonstimulatory DNA sequences that inhibit TLRs have been described (5).  IRS 

661 is an oligonucleotide inhibitor specific for TLR7 signaling (122).  Wang and 

colleagues demonstrated that IRS 661 inhibited IFN-α secretion from pDCs stimulated 

with the TLR7 agonist, R-848, but did not inhibit IFN secretion from pDCs stimulated 

with the TLR9 agonist CpG 2336 (122).  After a 30 minute incubation with the inhibitor, 

pDCs were mock infected, infected with live or UV-inactivated SV5 
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Figure 20.  Upregulation of Maturation Markers on pDCs Infected with SV5. 

0
2
4
6
8

10
12
14
16
18
20

SV5-GFP SV5 UV Imiq

Fo
ld

 M
oc

k 
M

FI
 o

f C
D

80
Donor 1
Donor 2
Donor 3

0
2
4
6
8

10
12
14
16
18
20

Fo
ld

 M
oc

k 
M

FI
 o

f C
D

86

Donor 1
Donor 2
Donor 3

SV5-GFP SV5 UV Imiq

A.

B.

 
 
 
Figure 20.  pDCs from three donors were mock infected, infected with live or UV-
inactivated SV5 at an moi of 100, or treated with 1 μg/ml Imiquimod as a positive 
control.  At 24 h pi cells were harvested and surface labeled for CD80 (panel A) and 
CD86 expression (panel B).  pDCs were analyzed by flow cytometry and results are 
expressed as fold mock mean fluorescent intensity (MFI) of maturation marker 
expression.  The average for each condition is represented by the bar.  The dashed line 
indicates the level of expression for mock infected cells.  Levels of maturation marker 
upregulation for Imiquimod treated pDCs that exceed the y-axis scale are depicted as the 
highest point on the graph. 
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Figure 21.  Addition of a TLR7 Inhibitor Leads to Decreased IFN-α Production 
from SV5 Infected pDCs. 
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Figure 21.  pDCs from three donors (each represented by a different symbol) were pre-
treated for 30 minutes with 2 μM IRS 661 (filled symbols) or were left untreated (open 
symbols).  Cells were then mock infected or infected with live or UV-inactivated SV5 at 
an moi for 100 or treated with Imiquimod as a control.  Twenty-four h pi supernatant was 
harvested and analyzed for levels of IFN-α by ELISA.  The average for each condition is 
depicted by the bar. 
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at an moi of 100, or stimulated with Imiquimod. Twenty-four h pi cells and supernatant 

were harvested for analysis of IFN-α and maturation marker levels.  As shown in Figure 

21, the results from three donors demonstrated a reduction in IFN-α secretion from 

infected pDCs that are pretreated with IRS 661 (filled symbols) compared to no treatment 

(open symbols).  Interestingly, in all cases, IFN secretion from pDCs infected with live 

SV5 was not completely eliminated in the presence of the inhibitor.  Cells from the same 

experiment were analyzed for levels of CD80 to determine if upregulation of maturation 

markers was also affected by the TLR7 inhibitor.  A drastic decrease in maturation 

marker upregulation during infection was observed in the presence of the inhibitor, IRS 

661 (Fig. 22, filled symbols) compared to no treatment (open symbols).  CD80, like IFN-

α secretion, was also reduced dramatically for the positive control upon inhibition of 

TLR7.   

 Both TLR7 and 9 exist within endosomal compartments of pDCs and inhibition of 

acidification of endosomes has been shown to block TLR7 signaling (64, 75).  As an 

alternative approach to address the role of TLRs in SV5 activation of pDCs, endosomal 

acidification was inhibited by pre-treatment of cells with chloroquine.  Thirty minutes 

after chloroquine treatment, pDCs were mock infected or infected with the live or UV-

treated SV5 at an moi of 100 and 24 h later supernatant was harvested and analyzed by 

ELISA for levels of IFN-α.  Figure 23 demonstrates that treatment with chloroquine 

reduces IFN secretion from infected pDCs.  Together these results support the hypothesis 

that SV5 is activating pDCs through TLR7 signaling.         

An interesting observation was noted in the course of studies involving TLR7 

inhibition.  The number of cells that were positive for eGFP increased upon inhibition of  
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Figure 22.  Addition of a TLR7 Inhibitor Decreases CD80 Expression                                 
on SV5 Infected pDCs 
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Figure 22.  pDCs from three donors (each represented by a different symbol) were pre-
treated for 30 minutes with 2 μM IRS 661 (filled symbols) or were left untreated (open 
symbols).  Cells were then mock infected or infected with live or UV-inactivated SV5 at 
an moi for 100 or treated with Imiquimod as a control.  Twenty-four h pi cells were 
harvested and surface stained for CD80 expression and analyzed by flow cytometry. 
Results are expressed as fold mock mean fluorescent intensity (MFI) of CD80 
expression.  The average of three donors for each condition is represented by the bar.  
The dashed line indicates the level of expression for mock infected cells.  Levels of 
maturation marker upregulation for Imiquimod treated pDCs that exceed the y-axis scale 
are depicted as the highest point on the graph.    
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Figure 23. Inhibition of Endosomal Acidification Causes Decreased IFN-α 
Production from pDCs Infected with SV5. 
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Figure 23.  pDCs from three different donors (each represented by a different donor) 
were pre-treated with 2.5 μg/ml chloroquine (CQ) for 30 minutes (filled symbols) or left 
untreated (open symbols).  Cells were then mock infected or infected with live or UV-
treated SV5 and 24 h later supernatant was harvested and IFN-α levels were analyzed by 
ELISA.  The bar represents the average of the three donors for each condition. 



 66

TLR signaling by either IRS 661 (Fig. 24, panel A) or chloroquine (Fig. 24, panel B).  

The effect did not appear quite as striking following chloroquine treatment with an 

increase of 14% in eGFP positive cells, whereas IRS 661 pre-treated cells had an average 

increase in eGFP positive cells of 23%.  Additionally, the level of viral gene expression 

as calculated by the mean fluorescent intensity of the eGFP positive population was also 

enhanced when TLR7 signaling was inhibited (data not shown).  Taken together, these 

data indicate that the treatment of pDCs with inhibitors of TLR7 increases the number of 

infected cells and level of eGFP expression, which correlates with decreased IFN-α 

production. 
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Figure 24.  Inhibition of TLR7 Signaling Increases                                                     
the Number of SV5 Infected pDCs. 
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Figure 24.  pDCs from three different donors (each represented by a different symbol) 
were pre-treated for 30 minutes with 2.8 μM IRS 661 (panel A, filled symbols) or pre-
treated for 30 minutes with 2.5 μg/ml Chloroquine (panel B, filled symbols) or left 
untreated (open symbols).  Cells were then infected at an moi of 100 with SV5.  At 24 h 
pi cells were harvested and analyzed for eGFP expression by flow cytometry. 
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 CHAPTER VI 

 

DISCUSSION 

 

The overall goal of the present work was to define factors that contribute to induction of 

host cell responses during paramyxovirus infection.  I have demonstrated that the extent 

to which host cell responses are activated during viral infection are influenced by three 

factors: production of a viral inducer from viral replication, the presence of a viral 

antagonist, and the level and type of PRR expressed in the host cell.  This research was 

carried out using two SV5 mutants with substitutions in distinct viral components 

involved in RNA synthesis.  The Le mutant has changes in the viral promoter, whereas 

the P/V mutant contains changes in a subunit of the viral RNA polymerase.  These SV5 

mutants have increased viral gene expression and produce RNA with double-stranded 

structure that acts as an inducer of cytokine secretion, unlike WT SV5 which is a poor 

inducer of cytokine secretion.  Interestingly, the Le mutant contains a functional V 

protein, yet host cell responses are still activated.  Thus, during Le mutant infection the 

presence of a viral antagonist is not sufficient to limit induction of cytokines.  My work 

has also demonstrated that the expression level of cytosolic PRRs can be influenced by 

signaling of membrane-associated TLR signaling.  The cytosolic PRR, RIG-I, was 

upregulated by TLR3 signaling, which dramatically enhanced SV5 mutant cytokine 

induction.  Furthermore, my work has demonstrated that WT SV5 is capable of potently 

inducing antiviral cytokine secretion in a replication-independent manner upon infection 

of pDCs.  These studies support the idea that cytokine induction in pDCs results from 
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expression of the specialized PRR, TLR7.  Together this work suggests that a balance of 

viral replication, viral antagonism, and PRR expression contribute to the ability of WT 

SV5 to limit induction of host responses.   

   
 
Role of the SV5 promoter in limiting host cell responses.  A priori, it was not clear 

what effect incorporating the WF-PIV substitutions into the highly conserved region of 

the WT SV5 promoter would have on RNA synthesis. For many negative-strand viruses, 

changes to the leader sequence have been shown to decrease viral RNA synthesis. For 

example, with the HPIV3 minigenome system, it has been reported that changes made in 

various positions of the first 16 bases of the leader RNA result in decreased reporter gene 

expression (46). Likewise, single point mutations made for each of the 3'-terminal 22 

nucleotides of the rinderpest virus genome all resulted in lower levels of CAT expression 

in a minigenome system (78). We have taken a different approach, which is based on 

infectious virus and the use of naturally occurring variability in the genomic promoter.  

The Le-(U5C, A14G) mutant showed no growth defect, with similar titers 

reported from single- and multi-step growth curves compared to WT SV5.  

Unexpectedly, the Le-(U5C, A14G) mutant accumulated elevated levels of viral mRNA, 

but the accumulation of viral genomes was not significantly changed over that seen with 

WT SV5. Thus, enhanced mRNA levels appeared to reflect elevated transcription, which 

was not an indirect effect of having an increased number of genomic RNA templates. 

This result contrasts with results for our previously described P/V mutant, which directs 

10-fold-higher levels of both mRNA and genomic RNA (24, 125). The current model for 

the switch from primary transcription to replication entails the accumulation of soluble 
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NP and the binding of NP to nascent leader RNA, which directs the polymerase to ignore 

signals within the gene junctions (63). However, results with the leader mutant are 

consistent with previous proposals that additional factors, such as cis-acting sequences, 

can dictate the balance between transcription and replication (30). The manner in which 

the vRNAP of negative strand RNA viruses initiates transcription versus replication is not 

fully understood.  Some reports suggest that transcription is initiated internally at the N 

gene start site while replication is initiated at the terminal 3’ end of the genome (37, 94).  

My work does not support this proposal because nucleotide substitutions in PrE I, which 

is located at the 3’ end of the genome upstream of the N gene start site, increased levels 

of viral transcription but not replication. A detailed mutational analysis of the SV5 PrE-I 

region using our established minigenome system should reveal the cis-acting 

determinants for transcription versus replication (81, 96). 

The most striking finding from our work is that two nucleotide substitutions in the 

genomic promoter convert WT SV5 into a virus that activates host cell responses. Our 

results with siRNA knockdown and expression of the reovirus sigma3 protein indicate 

that cytokine responses are activated through a cellular pathway involving RIG-I and 

dsRNA.  The Le-(U5C, A14G) mutant induced cytopathic effects that were not seen in 

cells infected with WT SV5, and infected cells showed increased levels of cell-cell 

fusion. The SV5 F protein is constitutively cleaved into an active form due to the 

presence of five arginine residues at the cleavage site between F1 and F2 (86). The 

mechanisms that control paramyxovirus fusion activity are not completely understood, 

but F expression level has been shown to be an important parameter (28). Consistent with 

this, the leader mutant showed ~2- to 3-fold-higher levels of F protein synthesis as part of 
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the global increase in gene expression across the Le-(U5C, A14G) genome. We propose 

that the SV5 genomic promoter has evolved to function at a level that is lower than 

maximal in order to prevent overexpression of potentially toxic gene products, such as the 

F protein. Our proposal for the genomic promoter is consistent with previous data 

whereby changes in mRNA start frequency for the SeV F gene lead to increased cell-cell 

fusion (51).  

Our data support a model whereby the viral genomic promoter plays two 

important roles in allowing SV5 to limit antiviral responses and cell killing through (i) 

controlling the production of aberrant viral RNA that can trigger RIG-I-mediated antiviral 

cytokines and also (ii) attenuating viral mRNA transcription across the genome in order 

to avoid overproduction of potentially toxic gene products, such as the F protein. 

Controlling production of dsRNA from the genomic promoter may be particularly 

important for viruses, such as SV5, that express a V protein targeting MDA5 but do not 

encode antagonists, such as the SeV C proteins, that specifically target RIG-I (113). 

Likewise, attenuating promoter activity could be an important property of viruses, such as 

SV5, which can establish highly productive long-term infections with only minimal 

induction of cytokines and cytopathic effects.  

  

 The involvement of PRRs in cytokine secretion during SV5 mutant infection.  Viral 

dsRNA can activate antiviral responses through a number of cellular PRRs, including 

PKR, the RIG-I-like helicases, and TLRs (34, 53, 54, 77). In the case of PKR, previous 

work showed that activation is observed at late times pi with the P/V-CPI- mutant but not 

WT SV5.  This resulted in eIF2-α phosphorylation and a global shut down of host and 
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viral protein synthesis in P/V-CPI- infected cells (32). On the other hand, Le-(U5C, 

A14G) infection does not significantly activate PKR or induce a shutdown of translation 

(data not shown).  This differential effect of Le-(U5C, A14G) mutant activation of RIG-I 

pathways but not PKR could reflect the relative sensitivities of these two cytoplasmic 

receptors to levels or lengths of dsRNA, with RIG-I being more easily activated than 

PKR.  For the RIG-I-like helicases, MDA5 is targeted for inhibition by the 

Paramyxovirus V protein through actions associated with the conserved C-terminal 

domain (1). Consistent with this, the CPI- V protein, harboring changes only in the N-

terminal domain, has been shown to be an effective inhibitor of MDA5 (1, 17).  

Therefore, it is unlikely that this PRR is involved in responses to either of the two SV5 

mutants examined here. 

Both the P/V-CPI- and the Le-(U5C, A14G) mutants activated cytokines through 

RIG-I while infection with WT SV5 did not induce cytokines to any significant levels. 

Why is RIG-I activated by two different SV5 mutants that harbor alterations to two 

distinct gene products (P/V and Leader), but not by WT SV5? One possibility is that WT 

SV5 actively blocks some phase of RIG-I signaling, such as masking the inducing signal, 

inhibiting RIG-I directly, or by inhibiting downstream signaling of the RIG-I pathways. It 

has been reported that V protein can act as a decoy substrate for IKKα-mediated 

phosphorylation of IRF-3 and -7 in dendritic cells and IKKε in epithelial cells (71, 89). 

Thus, WT SV5 may inhibit signaling downstream of RIG-I, whereas the V protein 

encoded by P/V-CPI- might be defective in this function. This scenario, however, does 

not offer an explanation for the induction of cytokines by the Leader mutant, which 

encodes a WT V protein (73).  
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We were surprised to find that Le-(U5C, A14G) induced host responses despite 

expressing a functional V protein to WT levels.  Our work showed that cytokines were 

induced by the Le mutant through a RIG-I-dependent pathway, as discussed above.  In 

addition, previous reports have demonstrated that the V protein of SV5 is able to bind and 

inhibit MDA5, but not RIG-I (17).  Therefore, it is possible that the Le-(U5C, A14G) 

mutant is producing a viral inducer that is different or is expressed above the threshold of 

detection compared to WT SV5 infection.  This inducer is then sensed by RIG-I to 

initiate antiviral cytokine secretion which cannot be blocked by V protein expression.  

Other Paramyxoviruses, like SeV, that may not be able to control viral gene expression as 

well as SV5, have an accessory protein that inhibits RIG-I mediated activation of the 

IFN-β promoter (113).      

Our results with overexpression of TLR3 indicate that this PRR is not a main 

contributing factor in cytokine responses to infection of epithelial cells with either P/V-

CPI- or the Le-(U5C, A14G) mutant. This is consistent with previous work using 

transfected cells where it is reported that V protein cannot block TLR3 signaling, and 

with Sendai virus infection of myeloid dendritic cells where antiviral responses occurred 

in the absence of TLR3, 7, 8, or 9 (1, 36, 70).  In RSV-infected A549 cells, RIG-I is a 

main sensing PRR at early times pi, and TLR3 plays a role only at late times pi (69). 

Importantly, our work shows that TLR3 signaling in response to exogenous dsRNA was 

not inhibited by SV5. This finding raises the possibility that the lack of TLR3 signaling 

during the replication of the SV5 mutants was due to the generation of low levels of 

dsRNA that were below a threshold for TLR3 sensing, or that the location of TLR3 in 
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intracellular vesicles or at the plasma membrane did not allow access to the cytoplasmic-

localized dsRNA (107). 

The source of the viral inducer of cytokine secretion during SV5 mutant infection.  

The present work has demonstrated that the both of the SV5 mutants induce cytokine 

secretion through RIG-I.  RIG-I is activated by RNA containing a 5' triphosphate, but 

recent evidence has shown that RIG-I also has specificity for short dsRNAs (47, 52, 103, 

105). Thus, our results are consistent with a model whereby changes in the SV5 genomic 

promoter or in the P subunit of the polymerase lead to aberrant synthesis of short RNAs 

that have at least partial double-stranded properties and/or contain an accessible 5' 

triphosphate. There are three possible sources of viral RNA with these properties that 

could activate RIG-I. One source could be the free 55-base leader RNA which is 

uncapped and has a 5' triphosphate, but also may contain dsRNA structure.  Previous data 

from transfection experiments have shown that the measles virus leader RNA can activate 

RIG-I (91). Second, elevated viral transcription could yield mRNAs with incomplete 

capping by the viral polymerase, which would yield 5'-triphosphate mRNAs that may 

have dsRNA structure. Finally, it is possible that changes to the genomic promoter and 

polymerase lead to increased levels of aborted genome replication products that are 

inefficiently encapsidated by NP. The most straightforward hypothesis for RIG-I 

activation by the Le-(U5C, A14G) and P/V-CPI- mutants involves elevated transcription 

from the viral genome to produce higher levels of free leader RNA, but further studies are 

needed to test this hypothesis.  

It has been reported that the cellular protein La binds to the leader RNA of 

rinderpest virus and of RSV (10, 95). In the case of RSV, it is proposed that La binding to 
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leader RNA masks recognition by RIG-I, although other investigators have reported a 

role for RIG-I in early responses to RSV infection (10, 69). If La protein is also involved 

in SV5 infections, it is possible that the two nucleotide changes in the leader RNA of Le-

(U5C, A14G) mutant results in inefficient binding by La protein either due to an excess 

of leader RNA or due to alterations to La binding sites on the leader RNA.  

Our data indicate that the SV5 mutants produce levels of dsRNA and RIG-I 

activation that are not normally seen in the case of WT SV5-infected cells. Consistent 

with this model, cytokines are induced in cells that are coinfected with both WT SV5-

GFP and the Le-(U5C, A14G) mutant (not shown). Using immunofluorescence with an 

anti-dsRNA antibody, we have not been able to detect increased levels of dsRNA in cells 

infected with the Le-(U5C, A14G) or P/V-CPI- mutant (not shown). This is consistent 

with the work of Weber et al., who did not detect dsRNA during infections with negative-

strand RNA viruses (126). The inhibition of host cell responses in cells engineered to 

express the dsRNA-binding protein sigma3 likely reflects sequestration of dsRNA 

produced during SV5 mutant virus infection.  An online RNAfold program 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) predicts that the 55-base Le-(U5C, 

A14G) leader RNA folds into a different secondary structure than does WT leader RNA 

(not shown), although the free energy of folding is not substantially different. Thus, the 

differential structure of free leader RNA or interactions with RNA binding proteins could 

form the basis for differences in host cell response to WT SV5 and Le-(U5C, A14G) 

mutant infections.  

 



 76

Pattern recognition receptor expression and cross-talk.  Different cell types have 

distinct expression profiles of PRRs, which my work has shown can impact the extent to 

which antiviral cytokines are activated during virus infection.  The exact expression 

profile of RIG-I-like receptors and TLRs in specific cell types has not been completely 

elucidated.  However, generation of RIG-I deficient mice has revealed this PRR is 

important for responses to RNA viruses in most cell types, including epithelial cells, 

fibroblasts and conventional DCs (82).  In contrast, TLRs are crucial to the response to 

viral infection in plasmacytoid DCs.  Interestingly, my work demonstrates differential 

basal expression of RIG-I in various cell lines.  A549 lung epithelial cells had high basal 

expression of RIG-I as shown in the siRNA knockdown experiments.  On the other hand 

human embryonic kidney 293 cells had a very low basal level of RIG-I expression that 

could be upregulated by TLR3 signaling.  This may be the result of the manner in which 

the 293 cells were transformed or that they are embryonic and not yet fully developed.  In 

any case, more work needs to be done to determine the expression level of PRRs in 

various cell types throughout the body.   

One striking finding during these studies was the strong enhancement of cytokine 

synthesis following dsRNA treatment of TLR3-expressing cells that are infected with 

either of the SV5 mutants. Because cytokine synthesis induced by the SV5 mutants was 

dependent on RIG-I but not TLR3, we hypothesized that TLR3 stimulation led to 

upregulated expression of RIG-I. Indeed, the exogenous addition of dsRNA caused a 

robust increase in the level of RIG-I. An important distinction is that upregulation of 

RIG-I did not occur through cytoplasmic RNA helicase signaling because no increase in 

RIG-I expression was observed in challenged 293 cells that did not express TLR3.  
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While RIG-I has been shown to be an IFN-inducible gene, our data support the 

proposal that dsRNA-mediated upregulation of RIG-I in 293 cells is not dependent on 

IFN-β signaling (50, 130). It has been reported that IRF-1 can be an important 

transcription factor for activation of the RIG-I promoter and that TLR3 signaling can lead 

to the upregulation of IRF-1 (38, 114). Our analysis using DN versions of RIG-I and 

TRIF links these two pathways. Taken together, this work suggests that dsRNA-mediated 

TLR3 signaling in infected cells leads to activation of IRF-1, which acts on the promoter 

of RIG-I to increase its expression, and this in turn sensitizes cells to RIG-I-mediated 

activation of IL-8 secretion.  Interestingly, RIG-I was upregulated during SV5 mutant 

infection in the absence of dsRNA challenge.  This upregulation may occur through a 

RIG-I dependent positive feedback loop.   

Figure 25 depicts a model for enhanced IL-8 secretion in dsRNA challenged 293-

TLR3s infected with the SV5 mutants.  The left side of the figure portrays modest 

upregulation of RIG-I in unchallenged 293-TLR3 cells infected with the SV5 mutants.  

This correlates with a low level of IL-8 induction which is indicated by the thinner 

arrowed line.  The right side of the figure shows a dramatic upregulation of RIG-I protein 

expression when TLR3 is stimulated with exogenously added dsRNA.  This high level of 

RIG-I expression leads to enhanced IL-8 secretion from cells infected with the SV5 

mutants, which is indicated by the thicker arrowed line. 

While our data indicate that SV5 and the two cytokine-inducing mutants tested 

here do not directly activate TLR3, there may be consequences for TLR3 signaling from 

extracellular sources during in vivo infections. Various cell types can differ in their 

expression of both RIG-I-like helicases and TLRs (54). Consistent with our model,  
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Figure 25.  Model for enhanced IL-8 secretion from 293-TLR3 cells 
 
 

 
 
 
Figure 25.  A) Mutant virus infection alone. Following SV5 mutant infection of 293-
TLR3s RIG-I is moderately upregulated resulting in a low level of IL-8 induction. B) 
Mutant virus infection with dsRNA challenge.  dsRNA challenge of mutant virus infected 
293-TLR3s.  After addition of exogenous dsRNA RIG-I is drastically upregulated.  This 
provides more sensor available for detection of dsRNA produced by SV5 mutant 
infection and subsequently leads to a robust induction of IL-8 secretion.   
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dsRNA that is released from infected cells could stimulate TLR3-mediated antiviral 

responses in neighboring cells such that RIG-I levels are greatly enhanced. WT SV5 is 

largely non-cytopathic and the release of dsRNA from infected cells would be predicted 

to be minimal. By contrast, the cytopathic SV5 mutants examined here would be 

predicted to release large amounts of dsRNA from lysed cells, and this could lead to 

inhibition of both virus replication and spread to neighboring cells through a TLR3-

mediated enhancement of RIG-I signaling. TLR3-dependent upregulation of RIG-I could 

also have consequences in other paramyxovirus infections, such as RSV and Sendai 

virus, which signal through multiple PRRs. Secondly, TLR3 signaling can promote cross-

priming of antigen from infected cells, and it has been proposed that this could promote 

immune responses in the case of viruses that do not directly infect dendritic cells or that 

are potent blockers of IFN production (108).  

 

Replication-independent sensing of SV5 by pDCs.  Much work has been carried out on 

characterization of TLRs in immune cells, particularly in pDCs.  pDCs exclusively 

express TLR7 and 9, which recognize ssRNA and CpG DNA, respectively (3).  We and 

others have characterized WT SV5 to be an overall poor inducer of antiviral cytokines in 

epithelial and fibroblast cells (42, 73).  We hypothesize that in these cell types SV5 is 

able to limit antiviral responses for two reasons i) it synthesizes a viral antagonist and  ii) 

it controls viral RNA synthesis such that a viral inducer is not produced.  However, my 

work has demonstrated that in certain cases SV5 can be a potent inducer of antiviral 

cytokines.  I have demonstrated that pDCs are the only cell type identified so far in which 

WT SV5 infection induces large amounts of type I IFN.  This work highlights the 
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correlation between the type of PRR expressed in a cell and the extent to which host cell 

responses are activated during viral infection.   

 In pDCs, SV5 is detected in a replication-independent manner as evidenced by 

our finding that UV-inactivated SV5 induced similar levels of IFN-α as the live virus.  

This indicates that the incoming viral particle is activating antiviral responses.  My work 

also demonstrated that TLR7 signaling was important for IFN-α induction.  Since TLR7 

senses ssRNA, it is likely that this PRR is directly detecting the viral genome.  The 

current model for SV5 entry depends on fusion at the cell surface resulting in the 

deposition of the viral genome into the cytoplasm of the cell.  This raises the question of 

how the viral genome is detected by TLR7 which exists within endosomes.  There are 

several possible explanations to this scenario.  One possibility is that the viral genome of 

live SV5 is trafficked to a vesicle that either contains TLR7 or that fuses with an 

endosome containing TLR7.  Another option may be that pDCs have rapid mechanisms 

of endocytosis such that some live virus particles are endocytosed before they get a 

chance to fuse with the membrane at the cell surface.  However, we know that some live 

virus particles are able to enter the cytoplasm and begin viral gene transcription because 

eGFP expression was detected, especially at higher multiplicities of infection.  In this 

case, there may be a lower amount of virus particles endocytosed during live virus 

infection than in UV-treated virus infection.  Interestingly, the live and UV-treated 

viruses induce similar levels of IFN-α secretion, which indicates that there may be a low 

threshold for TLR7 activation.   

 An interesting observation was noted in this work when TLR7 signaling was 

inhibited by various reagents.  When pretreated with a TLR7 antagonist, infected cells 
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showed reduced IFN-α secretion, as expected, but interestingly more cells were positive 

for eGFP expression.   The increase in the percentage of cells that were eGFP positive 

may have been due to decreased IFN-α signaling, which is known to upregulate many 

genes that inhibit virus replication.  Alternatively, it may be possible that TLR7 signaling 

directly upregulates antiviral genes and that in the presence of the TLR7 inhibitor the 

virus is able to successfully replicate in a cell that normally would have been primed 

against viral infection.  More work needs to be carried out to determine the manner in 

which TLR7 inhibition contributes to an increase in the number of eGFP positive cells. 

    

Physiological implications of virus induced cytokine secretion.  Whether or not a virus 

induces cytokine secretion can be an important determinant of viral tropism, 

dissemination, and pathogenicity.  Type I IFNs and proinflammatory cytokines are an 

early response to virus infection that act to defend the host.   Induction of type I IFN 

limits virus growth through signaling that upregulates antiviral components in the 

infected and neighboring cells.  This hinders virus spread and subsequently viral 

dissemination.  The role of type I IFN in dictating viral tropism and dissemination is most 

evident through studies of type I IFN receptor knockout mice which have shown an 

increased susceptibility to many viruses (101).  Infections in type I IFN receptor 

knockout mice show spread of virus to many tissues throughout the body compared to an 

restricted infection in WT mice (128). Proinflammatory cytokines play an important role 

in activation of adaptive immunity.  Adaptive immunity is crucial to resolving virus 

infection that cannot be contained by innate immune responses and in development of 

immunologic memory which protects against subsequent infections of the same virus. 
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Since SV5 induces high levels of type I IFN secretion from pDCs, these cells 

would likely play an important role in limiting SV5 infection in vivo.  In human epithelial 

cell culture, WT SV5 is able to establish a long term persistent infection; however SV5 

has not been associated with any human disease.  In a ferret animal model, SV5 infection 

was cleared from the lungs within 11 days after intratracheal inoculation (12).  My work 

with SV5 infection of pDCs suggests that upon respiratory exposure of SV5, pDCs would 

detect virus particles and respond with a robust IFN-α response.  This would put nearby 

cells in an antiviral state and activate the adaptive arm of the immune system, controlling 

an in vivo SV5 infection. 

 The level to which cytokines are induced during viral infection is also a critical 

aspect of the development of therapeutic viral vectors.  Oncolytic viral vectors are an 

increasingly attractive therapy for treatment of tumors.  The development of oncolytic 

viruses that specifically infect and replicate in cancerous tissue is based on the inability of 

the tumor cell to respond to cytokines while normal cells can successfully mount an 

antiviral state.  Oncolytic virus candidates can be genetically modified to increase tumor 

tropism by deletion of viral antagonists of cytokine induction.  For example, our lab has 

demonstrated the ability of vectors based on P/V-CPI- to reduce prostate tumor burden in 

a xenografted nude mouse model (33).  It was hypothesized by Gainey et al. that the 

cytokine-inducing phenotype of P/V-CPI- might be important for restriction of virus 

spread from the site of inoculation, which is an important factor to consider in efficacy of 

the vectors.  Studies have also emphasized that oncolytic viruses can enhance the immune 

responses to tumors through induction of cytokines (118).   
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 Cytokine secretion phenotype of virus infection can also be important in the 

development of more effective viral vaccine vectors.  A viral vaccine vector must elicit a 

robust immune response in order to develop immunological memory to desired antigens 

and must be restricted for virus spread in order to efficacious (27).  Both of these 

requirements are controlled in part by the level of cytokines induced by the viral vector.  

The SV5 mutants used in this work are attractive vaccine candidates.  Through reverse 

genetics, the genome of SV5 mutants can be easily manipulated to encode foreign viral 

antigens.  Both the P/V and Le mutant induce antiviral and immunostimulatory cytokines 

that are necessary for effective viral vaccines.  The Le mutant is particularly attractive 

because it has increased viral gene expressed which would produce more foreign antigen, 

but levels of viral genome were not increased which would potentially limit virus spread.  

However, concerns could be raised about the expression of a viral antagonist by the Le 

mutant, which may counteract cytokine induction in vivo.  The SV5 mutants need to be 

tested in an appropriate animal model to determine their efficacy and potential as 

therapeutic viral vectors.    
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