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Preface 

 Respiratory paramyxoviral infections are leading cause of serious respiratory disease in humans 

especially among children.  Murine models of viral respiratory disease have many similar traits to 

human respiratory infections and can be use to investigate the mechanism of susceptibility associated 

with disease severity.  Sendai virus (SeV) is thought to be the natural rodent pathogen; however, it has 

been shown to infect sub-human primate experimentally, which could theoretically infect humans.  In 

addition, studies in inbred mice had revealed a wide spectrum of resistance and susceptibility to SeV.  

Thus, suggesting that genetic factors could be playing a crucial role in natural resistance to these closely 

related viruses.  Earlier reports based on genetic differences generated an array of hypotheses about 

associated phenotypic characteristic (sex and coat colour) or underlying gene polymorphisms such as 

Interferon (IFN), mucocilliary transport or Sas-1, toll-like receptors (TLR), and H-2 haplotype, none of 

which fully confirmed the genetic basis of the varying spectrum of resistance and susceptibility to SeV.  

Since resistance and susceptibility to infection are complex genetic traits, and as a step towards the 

elucidation of the contributing genetic host factors responsible for the differences to SeV infection in 

mice, the first aspect of the study involves carrying out genetic mapping studies in DBA/2 (D2) 

(susceptible) and C57BL/6 (B6) (resistant) mice with the goal of dissecting the genetic variants, which 

might provide valuable insights into the molecular basis of host variations to SeV infection. 

 Furthermore, the severity of respiratory viral infections in humans varies in clinical presentations 

and pathological outcomes.  SeV is known to display a wide spectrum of resistance and susceptibility 

among mice strains. However, the variation in sensitivity to SeV was not only because of genetic 

restriction of viral infection and replication rather was the result of some aberrations or differences in the 



 

humoral or cell-mediated immune response.  In addition, evidence has been accumulating that children 

with severe respiratory infection suffer from enhanced inflammatory lesions cause by cytokine storm, 

rather than virus induced cytopathology.  To define the beneficial or detrimental pulmonary immune 

response to SeV infection in mice, the author further characterized the transcriptome profile of the 

pathogenesis of SeV infection in these two mice strains, by analyzing cellular infiltrations, 

histopathology, bronchoalveolar lavage fluid cytokines as well as inflammatory gene expression profile 

using a novel cDNA reverse transcriptase–polymerase chain reaction array (RT-PCRarray) prepared from 

the lungs of B6 and D2 infected mice on days 2, 4, 8 and 14.  
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1.0    General Introduction 

 Sendai virus (SeV) was discovered in Japan in 1953.  It was isolated in the Tohoku University 

Hospital from a newborn patient presenting pneumonia syndromes.  SeV is also referred to as murine 

parainfluenza type I virus as it was found to infect respiratory tract of mice and causes pneumonia which 

spreads to uninfected animals.  SeV is currently an important respiratory pathogen of laboratory rodents, 

causing epidemics with high mortality during the acute phase.  It is extremely contagious and 

transmission occurs via contact and aerosol infection of the respiratory tract.  SeV is an enveloped 

non-segmented negative stranded RNA virus (NNV) of the Paramyxoviridae family, subfamily 

Paramyxovirinae and genus Paramyxovirus (or Respirovirus).  The scientific community also considers 

SeV as the archetype organism of the Paramyxoviridae family because most of the basic biochemical, 

molecular and biologic properties of the whole family were derived from its own characteristics.  

Therefore, it is considered to be a good model for the study of the Paramyxoviridae family because it 

includes significant human pathogens of infants and children, such as Mumps virus (MV), Measles virus 

(MeV), Respiratory syncytial virus (RSV) and Nipah virus (Chanock, 2001).  Some of these viruses are 

still importantly prevalent in developing countries (e.g.  MeV still causes million deaths/year) and with 

others which have only recently emerged.  Thus, studies on SeV can offer important information for 

understanding of the molecular mechanisms of this virus family and consequently offer better treatment 

and control strategies. 

 The Paramyxoviridae family along with the Rhabdoviridae, the Filoviridae and the 

Bornaviridae families, are all part of the Mononegalvirales order.  It is subdivided into two subfamilies: 



 

the Paramyxovirinae containing the Respiro-, the Rubula-, the Morbilli-, the Avula- and the 

Henipa-viruses; and the Pneumovirinae, containing the Pneumo- and the Metapneumo-viruses.  

Emergence of new paramyxoviruses, such as Hendra and Nipah, causing respiratory and neurological 

disease in pigs and humans, has been observed recently.  The classification of these different viruses is 

based on morphologic criteria, the organization of the genome, the biological activities of the proteins, 

and the sequence relationship of the encoded proteins (Table 1.1).  The Mononegalviruses share a 

number of fundamental characteristics: (1) Their genome is a single negative stranded RNA, packaged in 

a helical nucleocapsid (NC); (2) nucleocapsids are enclosed within an envelope derived from the plasma 

membrane of the cell; (3) a virus-coded RNA polymerase packaged in the virion synthesizes the viral 

mRNAs by transcribing the RNA as part of the intact NC after it enters the cell; (4) the RNA polymerase 

begins transcribing at the 3’end of the genome RNA and sequentially transcribes 5-10 genes, terminating 

and releasing each mRNA before starting the next one. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
Table 1.1: Classification of the Paramyxoviridae family  
Classification of the Paramyxoviridae family 
 Family Paramyxoviridae 
  Subfamily Paramyxovirinae 
   Genus Respirovirus (Paramyxovirus) 
    Sendai virus (mouse parainfluenza virus type 1) 

    Human parainfluenza virus type 1 and 3 

    Bovine parainfluenza virus type 3 

    Simian virus 10 

   Genus Rubulavirus 
    Simian virus 5 (Canine parainfluenza virus type 5) 

    Mumps virus 

    Human parainfluenza virus type 2, type 4a and 4b  

    Porcine rubulavirus 

   Genus Morbillivirus 
    Measles virus 

    Dolphin morbillivirus 

    Canine distemper virus 

    Peste-des-petits-ruminants virus 

    Phocine distemper virus 

    Rinderpest virus 

    Cetacean morbillivirus 

   Genus Avulavirus 
    Newcastle disease virus (avian paramyxovirus 1) 

   Genus Henipavirus 
    Hendra virus 

    Nipah virus 

  Subfamily Pneumovirinae 
   Genus Pneumovirus 
    Human respiratory syncytial virus 

    Bovine respiratory syncytial virus 

    Murine pneumonia virus (Pneumonia virus of mice) 

   Genus Metapneumovirus 
    Avian pneumovirus 

  Unclassified paramyxoviruses 
    Tupaia Paramyxovirus 

 



 

1.1. Virion structure of Sendai virus 

 Sendai virus particles are pleomorphic structures composed of a lipoprotein envelope 

surrounding a single unsegmented viral nucleocapsid.  The viral envelope is composed of a lipid bilayer 

containing the viral fusion (F) protein, the hemagglutinin/neuraminidase (HN) protein, and the matrix 

(M) protein which forms an electron-dense shell immediately below the membrane (Le Mercier et al., 

2003).  The F glycoprotein mediates fusion of the viral envelope with the cellular membrane and also 

assists in viral attachment.  In addition it mediates cell–cell fusion leading to the formation of a 

syncytium and extension of infection in the local area (Sanderson et al., 1993).   

 To acquire biological activity the F glycoprotein must be cleaved by a cellular protease into two 

disulfide-linked polypeptides, F1 and F2.  When a host cell does not contain appropriate proteases, the 

virus formed is not infectious (Blumberg et al., 1985).  The HN glycoprotein mediates the first step in 

viral infection, and viral adsorption by attachment to cellular surface receptors.  Late in infection the HN 

also causes enzymatic cleavage of sialic acid (neuraminic acid) residues on the virus that must be 

removed to prevent self-aggregation of virus particles during release from infected cells (Chanock, 2001).  

The M protein is considered to play a central role in virion formation.  SeV virions are formed in 

so-called lipid rafts on the cell membrane (Ali and Nayak, 2000).  At these sites, M protein is thought to 

enhance virion formation by concentrating the spike proteins and the viral ribonucleoproteins.  It has 

been demonstrated that M protein indeed binds to the cytoplasmatic tail of the spike proteins and to the 

ribonucleoproteins (Sanderson et al., 1993; Coronel et al., 2001).  Thus, M protein has the capacity to 

mediate the binding of many of these viral components to lipids.  In addition, it has been found that 

overexpression of the M proteins causes the budding of virus-like particles (Takimoto et al., 2001).  



 

These findings indicate that M protein functions as a driving force for virus assembly and budding. 

 

1.2. Genome organization and encoded proteins 

 The SeV genome is a single stranded negative sense RNA, 15–16 kb in length (Chanock, 2001).  

Like other parainfluenza viruses, the genome is organized starting with a short 30-leader region, followed 

by 5–10 genes, and ending with the short 50-trailer region.  The SeV genome encodes the six structural 

proteins: the two surface glycoproteins HN and F; three nucleocapsid proteins N, P, and L, and the 

non-glycosylated internal protein M, the order of which is 3´ – (leader) – NP-P-M-F-HN-L-(trailer)- 5´  

(Blanchard et al., 2004; Lamb and Kolakofsky, 2001)  

 Coiled around the inside surface of the viral envelope is the nucleocapsid, characterized by large, 

helical, highly flexible ribonucleoprotein particles, approximately 15 nm in diameter and 1µm in length.  

It contains the viral genome and three different viral proteins: the nucleoprotein (N), the phospho-protein 

(P), and the large protein (L) (Lamb and Kolakfsky, 2001).  The NP is the major structural component 

of the nucleocapsid (58 kD), of which 2,600 molecules tightly encapsidate the RNA.  Encapsidation 

renders the RNA inaccessible to RNases and is required for it to serve as a template for the viral 

RNA-dependent RNA polymerase complex.  NP protein plays thus a central role in SeV replication and 

may be regarded as a regulatory factor that switches the polymerase from the transcriptive to the 

replicative mode.  The two other proteins necessary for polymerase functions are the L protein (251 

kDa), which is considered the core of the polymerase complex, and the P protein (65 kDa).  Both of 

these proteins are present in only minor amounts in nucleocapsids.  The SeV L protein is the candidate 

of choice for several multiple enzymatic functions exerted by the nucleocapsid complex, such as 

initiation, elongation, termination of transcriptional and replicational products as well as methylation, 



 

capping, and polyadenylation of transcripts (Morgan and Rakestraw, 1986; Shioda et al., 1986).  The P 

protein is involved in multiple proteins – protein interactions that are required for RNA synthesis.  It 

complexes with protein L to form the RNA polymerase, appears to be important for the proper folding of 

the L protein, and also mediates binding of the polymerase to the nucleocapsid (Bowman et al., 1999) 

 The P and L proteins form the core of the viral RNA dependent RNA polymerase (vRNAP).  

The vRNAP is involved in the transcription and the replication, which are two important steps in the 

life-cycle of the virus.  For transcription, the polymerase complex is constituted only by the P and L 

proteins, but for efficient replication, the N protein is required in addition to the L and P proteins.  

Several studies indicate that there are two different possible states (multiprotein complex) of the 

polymerase depending on whether it is transcribing or replicating.  For example, it has been recently 

shown that the polymerase of vesicular stomatitis virus (VSV) founds itself in a replicase or in a 

transcriptase state, depending on its protein composition (Qanungo et al., 2004).  There is, however, no 

indication that this could be the case for the Paramyxovirus RNA polymerase.  The polymerase cofactor 

P protein of SeV forms a tetramer and is named for its highly phosphorylated nature.  It is a modular 

protein with distinct functional domains and is composed of N-terminal and a C-terminal domain 

separated by hyper variable hinge (Curran and Kolakofsky, 1990).  The N-terminal part is a chaperone 

for unassembled N proteins (N°), preventing it from binding to nonviral RNA in the infected cell (Curran 

et al., 1995) and forming a complex (P-N°) whose intracellular concentration is believed to regulate rates 

of transcription and replication from genomic template (Curran et al., 1995; Masters and Banerjee, 1988).  

The C-terminal part is only functional as an oligomer and forms, along with L, the polymerase complex.  

It has already been shown for some other paramyxoviruses that the association of the N and P proteins 



 

has an effect on the N conformation (MeV) and on the virus assembly (VSV) (Kingston et al., 2004; Das 

and Pattnaik, 2005).   

 The L protein is the largest and the least abundant protein of the structural proteins.  Its gene is 

also the most promoter-distal in the transcriptional map.  It binds to the N: RNA template via the P 

protein and contains all vRNAP catalytic activities like synthesis, capping/polyadenylation and 

methylation of the nascent viral mRNA (Ogino et al., 2005).  The L protein is highly unstable when 

expressed alone and needs to bind P to confer a good stability and a proper conformation, as 

co-expression of P and L is necessary for the formation of an active polymerase complex (Curran et al., 

1995; Horikami et al., 1997).  Until today, no crystal structure of the mononegalvirales L proteins is 

available.  However, primary structure conservation among the RNA polymerases suggests similar 

protein architecture.  Sequence comparisons of NNV-L proteins have identified 6 conserved regions, 

interrupted by variable sequences.  These regions have been proposed to correspond to functional 

domains of the protein (Poch et al., 1990; Sidhu et al., 1993).  There is also new evidence that the L 

protein could directly interact with itself and that this interaction would help RNA synthesis (Smallwood 

and Moyer, 2004). 

 The M protein is the most abundant protein in SeV virion.  It is a quite basic and hydrophobic 

protein.  The M protein is considered to be the central organizer in paramyxovirus budding and virus 

morphogenesis (Sakaguchi et al., 1994b; Mottet et al., 1996).  The M protein self-associates and 

interacts with membranes, forming patches at the inner surface of the plasma membrane (Stricker et al., 

1994).  It also interacts with the cytoplasmic tails of integral membrane proteins such as the F and HN 

proteins, the lipid bilayer and the NC (Ali and Nayak, 2000).  Moreover, the M protein forms vesicles 



 

and self-releases from cells when singly expressed from cDNA (Takimoto et al., 2001). 

 The fusion of SeV requires co-expression of both HN and F proteins.  The HN and the F 

proteins are integral membrane glycoproteins and are essential for regulating morphogenesis and budding 

(Takimoto et al., 1998; Fouillot-Coriou and Roux, 2000).  The HN protein is involved in cell attachment 

and is responsible for the adsorption of the virus to sialic acid-containing cell-surface molecules.  In 

addition, it mediates enzymatic cleavage of sialic acid, namely neuraminidase activity, from the surface 

of virions and of infected cells.  This activity prevents self-aggregation of viral particles during budding 

at the plasma membrane.  The F protein mediates viral penetration by fusion between the virion 

envelope and the host cell plasma membrane.  The F protein is synthesized as a precursor F0 which 

must be proteolytically cleaved to F1 and F2 for fusion activity (Morrison, 2003).  The fusion occurs 

directly at the cell surface in an endosome-independent way, suggesting that infection does not require 

the acid pH of endosomes to activate fusion.  The F protein has a self-release activity when expressed 

alone (Takimoto et al., 2001).  After infection, the F proteins expressed on the plasma membrane of 

infected cells can mediate fusion with neighboring cells to form syncytia, a cytopathic effect that can lead 

to tissue necrosis in vivo and might be a mechanism of virus spread. 

 The P gene of SeV also expresses multiple accessory species of proteins by means of using 

overlapping open reading frames (ORFs) (Fig.  5), this gene encodes as many as eight polypeptides via 

these ORFs: the P, V, W, C΄, C, Y1, Y2 and X proteins.  SeV P gene mRNA contains 5 start codons 

near its 5’ end, four of which are used for a nested set of “C” proteins that initiate at ACG81 (C’), AUG114 

(C), AUG183 (Y1) and AUG201 (Y2) and terminate at UAA726.  Among the four C proteins, the C is the 

major species expressed in infected cells, at a molar ratio several fold higher than that of the other three 



 

proteins (Kurotani et al., 1998).  The second start codon, AUG104, initiates 3 proteins (P, V and W) as a 

consequence of cotranscriptional mRNA editing (Lamb and Kolakofsky, 2001).  The start site (AUG104) 

for translation of the P protein is in a favourable context (kozak) for recognition by the ribosome; and 

since it is placed right after ACG81 (which is normally not a favourable start site) it is more often used.  

For SeV, AUG104, and AUG114 are initiated by leaky scanning, whereas AUG183 and AUG201 are initiated 

by ribosomal shunting (Curran and Kolakofsky, 1988; Gupta and Patwardhan, 1988; Latorre et al., 

1998b).  SeV P gene contains an editing site in the middle of its reading frame.  At this sequence, the 

vRNAP recognizes the 3’-UUU UUU CCC stretch on the template and occasionally stutters.  This 

stuttering most likely occur when the vRNA pauses, and the growing RNA chain slips backward on the 

RNA template by one (or more) nucleotides (Pelet et al., 1991; Vidal et al., 1992; Hausmann et al., 1999).  

The vRNAP then resumes elongation.  When this happens in the run of three G’s, an extra G is added in 

the growing chain changing the reading frame.  Addition of one G at the editing site produces an mRNA 

that encodes the V protein, whereas addition of two Gs leads to the W protein.  The frequency of V and 

W production can vary depending on the kind of virus (Lamb and Kolakofsky, 2001).   

 

1.3. Sendai virus life cycle 

 All aspects of the replication of SeV happen in the cytoplasm.  In cell culture, single-cycle 

growth generally lasts for 24 hours.  As the infection takes place, the virus is adsorbed to the receptors 

found at the cell surface, and fusion occurs between the viral membrane and the cellular plasma 

membrane.  This leads to the release of the helical NCs in the cytoplasm.  This NC containing the viral 

RNA genome is the template for all RNA synthesis (Lamb and Kolakofsky, 2001).  Two functions are 

provided by the viral RNA genome: the mRNAs transcription and the viral RNA replication.  The N, 



 

P/C/V, M, HN and L proteins are synthesized by the cellular ribosomes.  The assembly of the genomes 

and the N proteins takes place in the cytoplasm.  The M protein lies in the inner surface of the 

cytoplasmic membrane whereas the HN and the F float at the membrane and concentrate to the M 

patches, excluding other cellular proteins.  Finally, the NCs associate with the M proteins and the new 

viral particles bud out of the cell taking a portion of the plasma membrane (Lamb and Kolakofsky, 2001). 

 Intracellular replication begins with the transcription of the viral genome into capped and 

polyadenylated mRNAs by the vRNAP.  The vRNAP first transcribes the leader RNA at the 3’end of 

the genome, and then begins the transcription of the genes into six individual mRNAs in a sequential and 

polar manner.  This polymerase occasionally fails to reinitiate the downstream mRNA at each junction, 

leading to the loss of transcription of further downstream genes, consequently a gradient of mRNA 

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

observed.  The N protein is the most abundant of the structural proteins being synthesized, and the 

intracellular concentration of its unassembled state (N°) is a way of controlling the relative rates of 

transcription and the replication from the genome template.  When sufficient amounts of N° are present, 

viral RNA synthesis becomes coupled to the concomitant encapsidation of the nascent (+) RNA chain.  

Under these conditions, vRNAP ignores all the junctions, to produce an exact complementary 

antigenome (+) chain, with fully assembled NCs.  The anti-genome will then be used for the synthesis 

of a new RNA genome, which will be used again as a template or assembled into a nascent viral particle.  

The vRNAP can also initiate RNA synthesis at the 3’end of the antigenome in the absence of sufficient N, 

but only a trailer RNA is made in this case (Lamb and Kolakofsky, 2001). 

1.4. Sendai virus strains 



 

 There are two known lineages of SeV: Z/H/Fushimi and Ohita M/Hamamatsu (Itoh et al., 1997; 

Fujii et al., 2002).  The nucleotide sequences within each lineage are 99% identical and they are 89% 

identical between lineages.  Z/H/Fushimi come from viruses isolated in Japan in 1956 after an epidemic 

of newborn infants and adapted to grow in embryonated chicken’s eggs (Sakaguchi et al., 1994a; Itoh et 

al., 1997; Skiadopoulos et al., 2002).  These adapted viruses, which were continuously passaged in eggs 

over a period of several decades are moderately virulent for mice (50% lethal dose [LD50] = 103 to 104 

PFU) (Sakaguchi et al., 1994a).  Ohita M (SeVM) and Hamanatsu, in contrast, are highly virulent (LD50, 

<102).  They were both isolated from two completely separate, very severe epidemics of animal houses 

in Japan and were low-egg-“passaged”.  This virus is presumably closer to the virus in its natural host, 

and it is known that SeV passage in eggs attenuates its virulence in mice.  For instance, in an infectious 

model, in which Kiyotani et al used three-year old mice, the Hamamatsu strain was very virulent; but 

when serially “passaged” 30 times in eggs, its strain became attenuated (Kiyotani et al., 2001).   

2.0 Host–virus interface 

2.1 Host defensive measures 

 Following respiratory tract infection, SeV proliferates extensively in the lungs reaching peak 

titers on the fourth to fifth day of the infection (Breider et al., 1987).  Thereafter, virus titers decline 

rapidly with infectious virus no longer recoverable after the 10th–11th day post-infection (Brownstein 

and Winkler, 1986; Breider et al., 1987).  Cellular immune responses are very important in the 

immunity against the viral infection.  Local cellular accumulation has been documented as early as day 

2 post-infection and cytotoxic T cells sensitized to SeV antigen can be detected in the spleen early in the 

infection with their activity reaching a peak on the sixth day.  Virus-specific CD8+T cells play an 



 

important central role in the immune response, by recognizing the peptide antigens and triggering the 

specific lyses of virally infected cells (Chen et al., 1998).  Even though it has been demonstrated that 

CD4+T cells can also control the virus infection when ‘‘working’’ in synergism with CD8+T cells (Zhong 

et al., 2001), they are mostly important in the regulation of antibody production, and in the control of a 

secondary virus infection (Zhong et al., 2000).  The virus is also an excellent inducer of IFN 

(Brownstein and Winkler, 1986) as well as other cytokines such as interleukin 2 (IL-2), tumor necrosis 

factor (TNF), IL-6 and IL-10.  Their peak titers are observed at the 7th to 10th day post-infection, about 

the time that the virus is cleared from the lung (Mo et al., 1995).  Those cytokines are produced by 

CD4+T cells, and also by CD8+T cells but at lower levels, and they are able to decrease transcription 

and/or replication of the virus (Hou et al., 1992; Mo et al., 1995).   

2.2 Virus defensive countermeasures 

 The ability to circumvent host response illustrates well a co-evolution of virus to overlap 

immune evasion.  Viruses have evolved a variety of strategies to counteract the antiviral effects of IFN.  

These strategies falls into three categories, which are (i) functional inhibition of antiviral proteins, (ii) 

inhibition of IFN production and (iii) inhibition of IFN signaling.  SeV fall into the third category, 

which so far has been mostly limited to DNA viruses.  Indeed, the C proteins (C, C0, Y1 and Y2) 

expressed by the P gene by means of overlapping open reading frames, is responsible for blocking IFN 

signaling.  SeV suppresses IFN-stimulated tyrosine phosphorylation of signal transducers and activators 

of transcription at an early phase of infection and further inhibits the downstream signaling.  By this 

way, SeV C protein functions as an IFN antagonist and renders cells unresponsive to IFNα/ β and IFN-γ, 

counteracting the host immune defenses (Gotoh et al., 2001; Gotoh et al., 2003; Sakaguchi et al., 2003; 



 

Kato et al., 2004).  Once more, one can anticipate that the defensive countermeasures implemented by 

SeV offer clues to still unknown mechanisms shared by most Paramyxoviridae. 

2.3 Susceptibilities to Sendai virus among inbred mice strains 

Different susceptibilities among inbred strains of mice to SeV infection have been observed and 

confirmed by several authors (Itoh et al., 1989; Faisca et al., 2005) (Table 1.2).  Generally, resistant 

strains of mice are known to repress the initial viral replication than susceptible strains.  In addition, 

mice with resistant phenotypes abrogate the infection by confining infected regions primarily to the 

airways, whereas those with susceptible phenotypes allow the infection to spread from the airway into the 

lung parenchyma with severe pathological outcomes (Itoh et al., 1991; Faisca et al., 2005).  Furthermore, 

immunodeficient mice or mice that were given immunosuppressive agents react to SeV in a different way 

than conventional mice.  In these immuno-suppressed animals, the virus persists longer in the lungs, 

antibodies are produced later, recovery occurs later and the infection is no more restricted to the lungs, 

with contamination of the spleen, liver, and brain (Hou et al., 1992; Miyamae, 2005). 

 
Table 1.2: Classification of Sendai virus susceptible inbred mice strains 

Resistant strains Susceptible strains 
A/J 
A/HeJ 
AKR/J 
BALB/CJ 
C57BL/6J 
C57L/J 
C58/J 
C3Heb/FeJ 
RF/J 
SJL/L 
SWR/J 
Swisse & Swissd 

DBA/2 
DBA/2J 
C3H/Bi 
Nude (Swiss) 
129/J 
129/ReJ 

 



 

3.0 Genetic analysis of quantitative traits  

The crossing of phenotypically different inbred strains enables the mapping of quantitative and 

qualitative trait loci.  Analysis of a complex trait typically involves choosing phenotypically distinct 

parental strains, but these strains should also be genotypically distinct because genetic mapping depends 

on the polymorphic differences between parents.  Genetic mapping studies can be performed in 

second-generation cohorts such as F2 and backcross.  The phenotype observed in these progenies 

reflects the genetic re-assortment of the two parental strains and may reveal new genetic combinations 

that cause phenotypes diverse from the original observed on the parental strains.   

Genetic inherited characters that can be easily classified into distinct phenotypic categories such 

as resistance/susceptibility to disease are considered to be qualitative traits and frequently can be studied 

according classical Mendelian analysis.  However, a large part of the genetic inherited characters are 

measurable as a continuous variable, demonstrating large variation in the population and are considered 

to be quantitative traits showing complex patterns of inheritance.  Such traits can be analyzed under the 

assumption that the phenotype in a given individual is quantitatively contributed by several loci, called 

quantitative trait loci (QTL).  A number of statistical methods and study designs have been developed 

that have made it possible to determine the locations of QTL that control such traits.  The identification 

of QTL is based on methods of linear regression of the phenotypic values on the genotype that allow 

inferring the variance explained by a given QTL (Camp and Cox, 2002).  The chromosomal location of 

the QTL can be estimated using the interval-mapping method that calculates association of the trait to 

loci located between genetic markers.  The maximum likelihood of odds (LOD-score analysis) or 

likelihood ratio statistics (LRS) for a QTL at each point can then be estimated and plotted against a 



 

framework linkage map. 

The standard approach for mapping QTL contributing to variation in a quantitative trait makes 

use of the assumption that the variation follows a normal distribution in the population in question 

(Lander and Kruglyak, 1995).  However, many quantitative traits of interest are not normally distributed.  

Recently a number of attempts have been made to develop genetic models that allow the analysis of 

non-normal distributed quantitative traits as is the case of the parametric two-part model and the 

non-parametric model (Broman et al, 2003). 

The parametric two-part model is designed for analysis of quantitative traits that show a spike in 

the distribution.  If the proportion of individuals within the spike is appreciable and the phenotype is 

well separated from the rest phenotypic distribution, the normal model of QTL mapping has a tendency 

to produce false LOD score peaks in regions of low genotype information.  To circumvent this problem 

the two-part model considers two separated maximum-likelihood estimations: the analysis of the 

quantitative phenotype by standard interval mapping using only the individuals within the normal 

distribution and the analysis of the binary trait that considers the individuals in the spike against the 

remaining individuals (Broman 2003).  The resulting LOD-score is simply the sum of the LOD scores 

from the two separate analyses.The nonparametric model applicable for non-normal distributions 

considers a rank-based analysis of the phenotype.  Each individual is represented by a rank value and 

the average rank for each genotype category is then compared using a Kruskal-Wallis statistic test 

(Broman et al, 2003).  This nonparametric statistics follows approximately a chi-square (χ2) distribution 

under the null hypothesis of no linkage and can be mathematically transformed into a LOD score 

(Broman et al, 2003). 



 

4.0             PART 1 

 

4.0          Genetic analysis of Sendai virus infection in mice  

4.1.                         Introduction 

 Sendai virus (SeV), the murine counterpart of human parainfluenza virus type 1 (HPIV1), is a 

natural respiratory pathogen of mice, which is highly related both structurally and serologically to HPIV1 

that causes severe respiratory disease in children with the increasing risk of asthma.  The virus belongs 

to the Paramyxoviridae family which remains endemic and it is the leading cause of pneumonia among 

rodent’s colonies in various laboratories world wide; hence the concepts of specific pathogen-free 

laboratory animals (Chanock, 2001).  Recently, it has been reported that the virus was able to replicate 

in the upper and lower respiratory tract of chimpanzees and African green monkeys and therefore may 

cause zoonotic disease in humans (Skiadopoulos et al., 2002).  Furthermore, the virus has been used 

extensively in research studies that define most of the basic biochemical and molecular biological 

properties of Paramyxoviruses (Fascia and Desmecht, 2007), and experimental infection of mice with 

SeV is frequently used to study the viral pathogenesis of human respiratory diseases (Kim et al., 2008).  

In mice, generally resistant strains are up to 20,000-fold more resistant to the lethal effects of SeV than 

susceptible strains.  In addition, mice with resistant phenotypes abrogate the infection by confining 

infected regions primarily to the air ways, whereas those with susceptible phenotypes allow the infection 

to spread from the air way into the lung parenchyma (Brownstein and Winkler, 1986; Itoh et al., 1991; 

Fascia et al., 2005).  The two inbred mice, DBA/2 (D2) and C57BL/6 (B6), differ markedly in the 

susceptibility to SeV infection.  For instance, infected B6 mice have 10-300 times lower viral titers than 



 

D2 mice and the virus replicates predominantly in air epithelial cells which causes the inflammation of 

airways.  In addition, B6 mice mount vigorous IFN response and less severe pulmonary pathology.  In 

contrast, D2 mice fail to mount augmented IFN and natural killer (NK) cell response, thereby leading to 

the spreading of the lesions into the lung parenchyma and massive replication of the virus in alveolar 

lining cells (Itoh et al., 1991; Baig and Fish, 2008) Earlier reports based on genetic differences generated 

an array of hypotheses about associated phenotypic characteristic (sex and coat colour) or underlying 

gene polymorphisms such as IFN, mucocilliary transport or Sas-1, TLR, and H-2 haplotype, none of 

which fully confirmed the genetic basis of the varying spectrum of resistance and susceptibility to SeV 

(Brownstein and Winkler, 1986; Breider et al., 1987; Hou et al., 1992; Mo et al., 1995; van der Sluijs et 

al., 2003).  Since resistance and susceptibility to infection is complex genetic trait, and as a step towards 

the elucidation of the contributing genetic host factors for SeV infection in mice, in this study, the author 

exploited the contrasting response of inbred D2 and B6 to SeV infection and carried out the genetic 

mapping studies in these two mouse strains with the goal of dissecting these genetic variants, which 

might provide valuable insights into the molecular basis of host variations to SeV infection.   



 

4.2.                     Materials and Methods 

4.2.1.  Design 

 Two hundred and fifty Microsattelite markers that showed polymorphism between B6 and D2 

mice were screened, and 100 markers were selected for the genotyping analysis, with an average genetic 

distance of 10.0 cM using the MGI data base.  Subsequently 25 additional markers were added to 

localized loci of interest. 

 Two independent experiments were carried out with 34 mice from each of the two strains (B6 

and D2) at 8 weeks of age, with equal number of males and females, all mice were inoculated intranasally 

with SeV inoculums at different viral concentration of tissue culture infectious dose [1×102 TCID50, 

1×103 TCID50, 1×104 TCID50 and 1×105 TCID50] for a post infection period of 21days.  This was 

followed by subsequent infection of parental progenies with 1×103 TCID50 as the choice dose that 

discriminated between the two parental (B6 and D2) strains.     

4.2.2.  Animals    

 Specific pathogen-free B6 and D2 mice were purchased from Sankyo Laboratories Service 

Cooperation INC (Hamamatsu), Japan.  Mice from both parental strains were bred and raised under 

bio-clean and regulated conditions, of the bio-safety level 3 Animal facility of the Graduate School of 

Veterinary Medicine, Hokkaido University, Japan.  All experimental protocols were approved and 

carried out according to the guidelines for the Care and Use of Laboratory Animals and the Institutional 

Animal Care and Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University. 

4.2.3.  Infection 

 Seed virus stock in modified Eagle medium (Sigma, MO, USA) with 1% bovine serum albumin 



 

was inoculated into 10-day-old embryonated chicken eggs and incubated for 72 h at 35 oC.  After 

allantoic fluid recovered from inoculated eggs was centrifuged at 2,500 x g for 20 min, the supernatant 

was collected and stored at - 80oC until used for infection to mice.  Virus titer in the allantoic fluid was 

determined by hemadsorption assay using a monkey kidney cell line, LLC-MK2, and chicken red blood 

cells.  The values of virus titer were indicated as median tissue culture infectious dose (TCID50). 

 Mice were infected using 1×103 TCID50 of SeV, 25 µl of the viral innoculum was slowly 

instilled intranasally, following inhalation anesthetization with Methoxyflurane (Abbott Co LTD, Japan) 

and/or intra-peritoneal injection of Somnopentyl® ( Schering-Plough Animal Health NJ, USA ).  DBF1, 

DBF2 and DBN2 mice were generated to conduct the genetic breeding studies.  The female parent used 

for generating intercross and backcross mice was D2.  For the determination of virulence, infected mice 

were weighed daily and monitored by visual inspection twice per day, with the main visual disease signs 

being lethargic, ruffled fur, hunching and with evident of dyspnea.  Mice were sacrificed by cervical 

dislocation if the weight loss exceeded 40% of the weight from day 0 or if the animals were obviously in 

the extremis.   

4.2.4.  Genotyping analysis 

 Genomic DNA was prepared from tail snips of parental strains and backcross progenies.  Tails 

were incubated at 55 OC for 16-24 h in 500 µl of lysis Buffer [10 mM Tris-HCL (pH 8.0), 150 mM NaCl, 

10 mM EDTA (pH 8.0) and 1% Sodium dodecyl sulfate (SDS)] together with 100 µg of Proteinase K and 

RNase solutions.  This is followed by standard phenol chloroform extraction and finally genomic DNA 

was purified by ethanol precipitation in the presence of 0.3 M sodium acetate and resolved in TE buffer 

[10 mM Tris-HCL and 1 mM EDTA (pH 8.0)]. 



 

4.2.5.  Microsattelite markers 

 To identify and map QTL, a total of 125 informative MIT Microsattelite markers were used for 

the genotyping analysis.  Initially we genotyped a set of 100 markers, that differentiated between the 

allele of B6 and D2 mice.  The genetic map positions (cM) and physical map positions (Mb) of markers 

loci were obtained from the Mouse genome data base (MGD) of the Jackson Laboratory 

(http://www.informatics.jax.org/).  We typically typed at least four markers per chromosome, which 

provide an average genome scan radius of approximately 10.0 - 20.0 cM selected to provide coverage of 

all 19 autosomes and the X chromosomes (Table 1.3).  However, additional 25 markers were added at 

chromosomal regions of interest to estimate the QTL positions more precisely. 

4.2.6.  Amplification of microsattelite markers 

 DNA (100 ng) samples from parental strains and that of the progenies were amplified using the 

PCR thermal cycling sequence parameters of 94 OC for 4 min (one cycle).  This was followed by 40 

cycles consisting of denaturing at 94 OC for 40 s, primer annealing at 55 OC for 30 s and extension at 72 

OC for 30 s.   PCR mixture and enzyme (Taq DNA polymerase) were purchased from (TaKaRa Bio Inc 

Tokyo, Japan).  The amplified samples were electrophoresed with 9% polyacrylamide gels in 1×TBE 

and stained with ethidium bromide.  The stained gels were then visualized and photograph under 

ultraviolet lamp.  For each marker the two genotypes could be distinguished unambiguously and 

touchdown PCR protocol was used to improve the specificity of annealing.   

4.2.7.  Linkage and statistical analysis 

 For the genome scans, only two phenotypic categories, 40% body weight loss (value = 0) and 

less than 40% body weight loss (value = 1) were used as survival phenotype of mice.  Analyses of 



 

linkage of percentage body weight loss as survival phenotypes to autosomal loci were performed using 

the MapManager QTXb20 (Manly et al 2001) a program that uses a maximum likelihood alogorithm 

with “interval mapping” and “simultaneous search”, and permits better localization of loci and exclusion 

mapping.  Recombination frequencies (%) were converted into genetic distance (in cM) using the 

Kosambi map function.  This program provides linkage data as likelihood ratio statistic (LRS) score and 

it has been converted to the more frequently used LOD score by dividing the LRS by 4.601.  The values 

for free, dominant and additive models of inheritance were calculated in terms of LRS by carrying 5,000 

permutations.  The threshold in the backcross progenies under the assumption of a free model were LRS 

> 6.8 and LRS > 12.5 for suggestive and significant linkages respectively. 

 Two-way interactions (epistasis) were estimated with a QTL can and statistical significance for 

these gene to gene interaction tests were based on P < 0.05 using 5,000 permutations of the observed data.  

Significant interactions found in the QTL were confirmed with standard ANOVA, including cross terms 

for two-way interactions for all maker pairs.  All computations were performed with the Stat view 

program statistical package (SAS Institute, Cary, NC).  P < 0.05 was considered to be significant. 



 

4.3                            Results 

4.3.1 Determination of the genetic spectrum and mode of resistance and susceptibility to Sendai virus 

 Inbred strains of mice with different susceptibilities to SeV infection have been identified 

previously.  B6 and D2 mice differ markedly in response to SeV infection.  Percentage body weight 

changes and survival times were chosen as parameters for the evaluation of SeV resistance and 

susceptibility phenotype for an infection period of 21 days.  Initially the author tested the spectrum of 

sensitivity of D2 and B6 mice, by challenging them at different viral titer levels of TCID50 of SeV 

inoculums.  In a two independent experiments, mice (males and females, n= 4–5) were inoculated 

intra-nasally with SeV inoculums, with dose ranges of 1 × 102, 1 × 103, 1 × 104, and 1 × 105 TCID50.  

All of mice showed obvious signs of infection between 3 and 5 days, of which they appear to be lethargic, 

ruffled fur, hunching, dyspnea, and loss of weight (Percy et al., 1994).  D2 showed a progressive loss of 

percentage body weight and mortality in all dose ranges, while B6 mice showed slight loss of body 

weight which returned to normal and only 10% mortality even at very high virulent dose of 1 × 105 

TCID50.  In addition, resistance and susceptibility were not linked to sex.  These results reconfirmed 

the earlier reports on differences in the spectrum of susceptibility to SeV between these two strains 

(Brownstein and Winkler, 1986; Itoh et al., 1991).  In order to investigate the mode of resistance to SeV, 

we infected parental strains in replicate experiments (males and females, n= 17) with 1 × 103 TCID50, of 

which dose clearly discriminated between susceptible D2 and resistant B6 mice and served as a choice 

dose for our genetic mapping studies.  In addition, as a control for each analysis, groups of D2 were 

infected at the same time as the DBF1, DBF2, and backcrossed progenies.  D2 mice showed a 

progressive loss of weight and mean survival time was 10.0 ± 1.0 days for females and 9.0 ± 1.5 days for 



 

males, while B6 mice (male and females) from day 0, showed approximately 20% decline in body weight 

between day 6 and 7, and by day 8 they started regaining weight which returned to normal with a 100% 

rate of survival (Fig 1.4) Thus, these results indicate that B6 has a conferred genetic molecular 

mechanism of abrogating the infection.  Therefore, the author investigated the genetic inheritance of 

resistance and susceptibility of DBF1 mice.  In two independent experiments, 16 DBF1 mice were tested 

(males and females) using 1 × 103 TCID50 (Fig 1.4).  Interestingly, DBF1 mice were more resistant than 

both parental strains and they showed approximately 15% decline in percentage body weight loss 

between day 6 and 7, and survival rate was 100%.  In addition, we also found that resistance was not 

sex-dependent, but remained dominant. 

4.3.2 Phenotypic characterization of Sendai virus resistance and susceptibility 

 To estimate the effect of genetic trait of SeV susceptibility, segregation analysis was performed.  

The null hypothesis was that a single dominant gene controls resistance.  If so, then according to 

Mendelian rule, 100% of the F1 hybrid of resistant B6 strain crossed to sensitive D2 strain should display 

a resistant phenotype and 50% of the backcrossed mice of the F1 hybrid crossed to sensitive D2 should 

be resistant.  Chi-square analysis of the DBF1 response supported the null hypothesis (χ2 = 0.22, P < 

0.05).  Furthermore, 61/ 108 (56.5%) of the backcrossed DBN2 mice were resistant, which agrees with 

predicted 50% according to the Mendelian rule.  However, chi-square analysis of DBF2 mice, however, 

rejected the null hypothesis (χ2 = 23.34: P > 0.05), suggesting that sensitivity to SeV is a muligenic trait 

control by several loci within the mouse genome.   

4.3.3 Linkage analysis for the identification of genetic loci of Sendai virus resistance and 

susceptibility 



 

 To investigated the resistance and susceptibility phenotype of the progenies of DBN2 mice.  

The author used backcrossed progenies for genetic analysis, because the phenotypes of DBF1, mainly the 

loss of body weight showed a dominant genetic trait.  This allows for optimal discrimination between 

the phenotypes recovered in the backcrosses.  A total of 108 (54 males and 54 females) backcrossed 

mice were infected with 1 × 103 TCID50 SeV and phenotypes of body weight change were determined as 

QT.  Alternatively, the susceptible or resistant phenotype was determined as 40% body weight loss or 

less than 40% body weight loss, respectively, because these phenotypes were consistent with susceptible 

(non-survival) or resistant (survival) phenotype in the pilot study.  A simple interval mapping was 

carried out and the values for the free, dominant, and additive models of inheritance were calculated in 

terms of LRS.  When percentage body weight loss was used as QT, none of significant or suggestive 

QTL was detected.  Therefore, 40% body weight loss (value = 0) or less than 40% body weight loss 

(value = 1) was used as QT, and linkage analysis revealed a major significant QTL, which mapped to the 

distal region of Chr 4, residing within 8.3 cM (23 Mb) between D4Mit146 and D4Mit204 (LRS 14.5), 

denoted as SeV1 locus (Fig 1.5).  Additional QTL showing suggestive linkages were also detected on 

Chr 8 (between D8Mit4 and D8Mit100, LRS 8.4) and 14 (between centromere and D14Mit10, LRS 7.4), 

P < 0.005 (Fig 1.5).   

4.3.4 Identification of epistatic interaction involved in Sendai virus resistance and susceptibility 

 Epistatic interactions results from the combined effect of two or more genes on a phenotype, 

which could not have been predicted as the sum of their separate effects (Frankel and Schork, 1996).  

Recent evolutionary trends have shown that in crosses involving a strain of model organism susceptible 

to certain disease conditions with resistant strains, the genes of the susceptible strain show differential 



 

effects with the different background strain genomes (Rapp et al., 1994).  Based on the hypothesis of the 

genetic background and evolutionary evidence of gene to gene interactions, the author investigated the 

possibilities of epistatic interactions by performing ANOVA of all informative markers in 108 DBN2 

progenies using Stat view program statistical package (SAS Institute, Cary, NC).  All informative pairs 

of markers were tested one by one, with a P value of <0.05 as the threshold for finding gene to gene 

interactions.  The analysis also includes both the previously identified significant and suggestive QTL, 

and at the set P value threshold we identified a highly significant epistatic interaction between D3Mit182 

and D14Mit10, P < 0.0001 (Fig 1.6A).  Thus, D14Mit10 is one of the previously identified suggestive 

QTL (Fig 1.5) and it is interacting epistastically with a locus on Chr 3 (D3Mit182), therefore denoted as 

SeV3 and SeV2 loci, respectively (Fig 1.6, Table 1.4).  Finally, the author interrogated our likely 

candidate region of the QTL on Chr 4, SeV1, which showed a peak level on D4Mit308, and carried out a 

mean survival rate analysis of mice with respect to genotype at this locus.  A single genotyping analysis 

at this locus revealed a mean survival rate of 66% for heterozygous (B6/D2 allele) and 34% for 

homozygous (D2 allele) (Fig 1.7A).  Next, addition of the effect of the suggestive interacting locus, 

SeV3 (D14Mit10), revealed a novel increase in survival rate, with the B6/D2 allele mice with respect to 

both D4Mit308 (SeV1) and D14Mit10 (SeV3) loci having 74% mean survival rate, while mice carrying 

D2 allele at both loci had 14% mean survival rate (Fig 1.7B).  Therefore, the author went ahead to 

include the locus effect that showed epistatic interaction by fixing D3Mit182 (SeV2) to be heterozygous, 

and carried out an estimation of mean survival rate with genotypes at the above two loci.  Cumulatively, 

93.3% of heterozygous mice were resistant to SeV infection, whereas homozygous mice showed a value 

of 0% survival rate (Fig 1.7C), indicating the combined effects of the significant QTL and the loci 



 

showing highly significant epistatic interaction in the control of resistance to SeV infection.  Thus, these 

data revealed that there could be several genetic factors that are localized within the mouse genome 

regulating the differential sensitivity of these mice to SeV infection. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4. The time course and body weight changes as relative values following SeV infection. Sensitivity 

to SeV infection between parental strains and DBF1 mice was determined. Relative body weights are 

presented as percent of initial body weight before viral inoculation for individual mouse. Initial body 

weights for each group were as follows: male D2, 20.4 ± 0.6 g; female D2, 21.0 ± 0.4 g; male B6, 20.0 ± 

0.1 g; female B6, 20.0 ± 0.9 g; male DBF1, 23.3 ± 0.5 g; female DBF1, 22.1 ± 0.7 g. 

7 14 21 
Days post 
infection 

B6 
D2 

▲ 
◇ 
 

0 

20 

40 

60 

80 

10
0 

12
0 

0 
20 

40 

60 

80 

10
0 

12
0 

Days post 
infection 

7 14 21 

R
e
l
a
t
i
v
e 
b
o
d
y 
w
e
i
g
h
t 
(
%
) 

R
e
l
a
t
i
v
e 
b
o
d
y 
w
e
i
g
h
t 
(
%
) 

Male Female 

0 

20 

40 

60 

80 

10
0 

12
0 

7 14 21 
0 

20 

40 

60 

80 

10
0 

12
0 

7 14 21 

DBF1 ▲   

Days post 
infection 

Days post 
infection 

DBF1 ▲   

B6 
D2 

▲ 
◇ 
 

Male Female 

R
e
l
a
t
i
v
e 
b
o
d
y 
w
e
i
g
h
t 
(
%
) 

R
e
l
a
t
i
v
e 
b
o
d
y 
w
e
i
g
h
t 
(
%
) 



 



 

Fig 1.5. QTLs affecting SeV resistance and susceptibility in backcrossed progenies. Each vertical axis 

represents the genetic map for the mouse chromosome and the markers at which genotypes were 

determined. The threshold in the backcrossed progenies under the assumption of a free model were LRS 

6.8 and 12.5 for suggestive (Su, dotted line) and significant (Si, solid line) linkages, respectively (P < 

0.05). (A) SeV1 was defined by a peak LRS value of 14.5 on Chr 4 observed at a confidence interval of 

8.3 cM (24 Mb) extending from D4Mit146 to D4Mit204, while Chr 8 (B) and 14 (C) showed suggestive 

loci. Suggestive QTL on Chr 14 was denoted as SeV3, because it showed a significant epistatic 

interaction with another locus (see Fig. 3). 



 

 

Fig 1.6. Epistatic interaction affecting SeV resistance and susceptibility in backcrossed progenies. (A) 

Plot of pair-wise interaction for the least square analysis of variance of all informative markers in 108 

backcrossed progenies showed a highly significant epistatic interaction between D3Mit182 and 

D14Mit10, P < 0.0001 and percentage of trait variance accounted for. Both loci were denoted as SeV2 

and SeV3, respectively. Error bars represent standard error. (B) Kaplan–Meier plot of SeV-infected 

backcrossed mice with respect to their genotypes of SeV2 and SeV3 loci, which show epistatic interaction. 

In both (A) and (B), the survival rate was determined as the rate of mice showing less than 40% body 

weight loss after SeV infection in the light of ‘‘humane endpoint’’ concept. 



 

 

Fig. 1.7. Kaplan–Meier plot of SeV-infected backcrossed mice with respect to their genotypes of SeV1, 

SeV2, and SeV3 loci. (A) Kaplan–Meier plot of mice possessing heterozygous or homozygous with 

respect to SeV1. (B) Kaplan–Meier plot of mice with respect to SeV1 and SeV3. (C), Kaplan–Meier plot 

of mice with respect to SeV1, SeV2, and SeV3. In this analysis, SeV2 (D3Mit182) is fixed to 

heterozygous to show epistatic interraction. In (A), (B), and (C), the survival rate was determined as the 

rate of mice showing less than 40% body weight loss after SeV infection in the light of ‘‘humane 

endpoint’’ concept. 



 



 



 

4.4                         Discussion 

 One of the major challenges of modern biology is to achieve a better understanding of the 

molecular genetic basis for complex trait variation.  Complex genetic traits are derived from the 

interplay between genetic variants and environmental exposures (Zondervan and Cardon, 2004), where a 

one-to-one relationship between genotype and phenotype does not exist (Darvasi, 1998).  SeV infection 

in mice, like many diseases and biological phenotypes, is thought to arise as a consequence of the 

interplay of two or more genes.   

 Earlier reports have shown that there is differential sensitivity to SeV among various inbred 

mouse strains.  SeV-infected B6 mice elicit a strong IFN and CD4+/CD8+ T cell response in the 

respiratory tract and it is believed that they have a coordinated interaction for the effective clearance of 

SeV in these mice; however, whether they act directly to eliminate the virus-specific response is not clear.  

Adoptive transfer studies suggest that CD4+ T cells may contribute to the B6 anti-SeV response by 

providing help to cytotoxic T cells in the form of IL-2 (Kast et al., 1986; Hou et al., 1992; Cole et al., 

1994).  Lopez et al.  (2006) have shown that type I IFNs facilitate virus clearance and enhance the 

migration and maturation of dendritic cells after SeV infection in vivo soon after infection.  However, 

mice cleared the virus from their lungs and efficiently generated cytotoxic T cells independently of type I 

IFN signaling.  Furthermore, mice that are unresponsive to type I IFN developed long term anti-SeV 

immunity, including CD8+T cells and antibodies.  Recently, Kim et al (2008) have shown that wild type 

B6 mice no longer have detectable viral titer and a trace level of SeV-specific RNA expression after 

infection and that macrophages derived from these mice express IL-13 mRNA.  Further, the analysis of 

macrophage-deficient mice (Csf3-/-) indicates that both IL-13 and mucin 5ac production after SeV 



 

infection depends on the presence of macrophage.  Furthermore, it is believed that both host and viral 

factors play a role in the resistance and susceptibility to SeV virus, and the activation of innate immune 

system depends on the recognition of the molecules that are specific for the pathogen.  For instance, for 

the Paramyxoviridae, the anti-host defense mechanism is due mostly to C and V proteins.  SeV C 

protein is a multifunctional protein that plays important roles in regulating viral genome replication and 

transcription, antagonizing host IFN system, suppressing virus-induced apoptosis, and facilitating virus 

assembly and budding.  Similarly, the V protein is shown to participate in the establishment of antiviral 

state that is required for viral pathogenesis (Kato et al., 1997, 2007; Garcin et al., 2000; Strahle et al., 

2003).   

 Host response to SeV infection involved complex interactions of a number of factors, including 

cellular infiltration and their induction of chemokines (Kast et al., 1986; Mo et al., 1995; Strahle et al., 

2007).  However, the definition of this host response to SeV infection will require an understanding of 

the host genetic susceptibility to the virus.  In this study, QTL analysis was performed to examine 

differences in SeV sensitivity between inbred D2 and B6 mice.  The identification of clear phenotypes 

of resistance and susceptibility to SeV is a valuable tool for genetic analysis in mice.  The author carried 

out a QTL analysis on body weight loss in backcrosses from D2 and B6 mice after infection with SeV.  

These two mouse strains represent polar extremes in severity of SeV-triggered disease (Fig.  1.4), which 

in addition to the rate of body weight loss, is manifested by several phenotypes previously identified.  

These phenotypes include mean survival time, viral loads as well as histopathology of the lungs (Itoh et 

al., 1991; Percy et al., 1994; Faisca et al., 2005).  However, the abrogation of early onset of 

SeV-induced loss of weight in backcrossed mice is the most attractive phenotype for analysis, because of 



 

its ease of accurate determination.  One interesting phenomenon was the mode of inheritance for the 

sensitivity to SeV infection.  The phenotypes of weight loss of the DBF1 progenies of D2 cross to B6, as 

well as in DBF2 mice demonstrate that resistance is inherited as a dominant trait.  The results from 

DBF2 mice after infection suggest that multiple genes influence susceptibility to SeV.  The 3-fold 

difference in body weight loss found between D2 and DBF1 mice suggests that resistance and 

susceptibility is a QT amenable to further genetic analysis and mapping (Lander and Kruglyak, 1995).  

Using information on microsatellite polymorphisms evident between these strains, the author identified 

chromosomal region that contains the gene(s) that are responsible for strain differences to SeV for the 

first time.   

 The analysis revealed a QTL on the distal portion of Chr 4 (SeV1), which was significantly 

linked to post-infection body weight change with an LRS of 14.5, in addition suggestive linkages were 

also found for QTL on Chr 8 and 14.  Furthermore, a highly significant epistatic interaction was 

detected between D3Mit182 (SeV2) and D14Mit10 (SeV3, suggestive locus in QTL analysis) at a 

threshold value of P < 0.0001.  Taken together the QTL and inter-allelic interaction had explained more 

than 90% of the genetic effect on disease severity between D2 and B6 mice.   

 In terms of candidate genes as in many QTL tudy, chromosomal regions significantly 

influencing the outcome of a disease process are rather large and contain several potential ‘‘candidate 

genes’’.  Although it might be a pure coincidence that the analysis in this study did not allowed us to 

identify exact genes involved in resistance to SeV, there could be many genes of interest that regulate the 

function of macrophages and other immune cells as well as cytokines as presented in Table 1.4.  The 

author assessed the most likely genes that could account for three responsible regions, the significant 



 

peak as well as the epistatic interaction.  For the SeV1 region a search between 109 and 132 Mb was 

performed and identified more than 900 transcripts (RIKEN OmicBrowse, http://omicspace.riken.  

jp/db/genome.html).  Genes were ranked in terms of likelihood based on the amount of evidence 

extracted during database searches.  The search elucidated very strong candidates including the colony 

stimulating factor 3 receptor (Csf3r) and toll-like receptor 12 (Tlr12).  Csf3r functions in neutrophil 

trafficking and interferon receptor activity.  Furthermore, it has been recently reported that neutrophils 

play a critical role in SeV-induced asthma phenotype (Akk et al., 2008).  Mammalian TLRs have been 

shown to initiate immune responses to infection by recognizing microbial nucleic acids, thereby linking 

innate and acquired immunity.  Recently, it has been reported that two intracellular RNA sensor 

molecules retinoic-acid-inducible gene I (RIG-I) and Melanoma differentiation-associated gene 5 

(MDA5), that recognize RNA viruses, tend to interact with TLRs towards mounting immune response to 

these viruses (Kato et al., 2006; Strahle et al., 2007; Yount et al., 2008).  SeV2 locus includes interleukin 

2 (Il2), interleukin 21 (Il21), fibroblast growth factor 2 (Fgf2), and interleukin 12a (Il12a).  For the SeV3 

locus, thymic deletion 3 (Rthyd3), interleukin 3 receptor alpha chain (II3ra), and interleukin 17 receptor 

B and D (II17rb and II17rd) are likely candidates.  The list of candidates may be even greater than 

discussed here; however, an interesting aspect of this study is the localization of QTL as well as epistatic 

interaction influencing the differential response to SeV infection in mice.  QTL detected can be 

fine-mapped in future studies and tested as to whether they represent single or more linked QTL.  

Regions harboring QTL from one selection line can be made congenic on the opposite line, and 

phenotype testing of congenic lines can be used to increase the mapping precision and better assessment 

of the physiological basis of gene function.   



 

 Taken together, these observations raise the intriguing possibility that loci controlling basic 

aspects of resistance and susceptibility to SeV are localized to homologous regions in the genome of 

other species; hence by exploiting the region of human chromosome showing homologous synteny (SeV1 

for human Chr 1, SeV2 for human Chr 3, and SeV3 for mosaic human Chr), prime candidates for 

resistance and susceptibility to parainfluenza viral infections in humans could be identified, which could 

further enhance our understanding of the signaling pathway as well as host response to these closely 

related viruses. 



 

4.5                         Summary 

 Experimental infection of mice with Sendai virus (SeV) is frequently used as a model of viral 

pathogenesis of human respiratory disease.  To understand the differences in host response to SeV 

among mice strains, the author carried out genetic mapping studies in D2 (susceptible) and B6 (resistant) 

mice.  F1, F2, and N2 backcrossed mice were generated and examined for their disease resistance and 

susceptibility.  For the determination of virulence, percentage body weight loss and survival time were 

used as phenotypes.  A genome wide scan on 108 backcrossed mice for linkage with percentage body 

weight loss as phenotype was performed.  A major QTL showing significant linkage was mapped to the 

distal portion of Chr 4 (SeV1).  In addition, two other QTL showing suggestive statistical linkage were 

also detected on Chr 8 and 14.  Furthermore, genome scan was performed for interactions with least 

square analysis of variance of all pairs of informative makers in backcrossed progenies.  A highly 

significant epistatic interaction between D3Mit182 and D14Mit10 was identified, and denoted as SeV2 

and SeV3, respectively, and the latter was the same locus showing a suggestive level on Chr 14 in QTL 

analysis.  Considered genotypes of these three loci, could account for more than 90% of genetic effect 

on the differential response to SeV infection between B6 and D2 mice.  These findings revealed a novel 

gene interactions controlling SeV resistance in mice and will enable the identification of resistance genes 

encoded within these loci. 



 

5.0         PART 2 

5.0  Transcriptome profile characterizing pathogenesis of host  response to 

Sendai virus infection in mice 

5.1.                          Introduction 

 Respiratory paramyxoviral infections are leading cause of serious respiratory disease in humans 

especially among children.  The severity varies from non-clinical or mild upper respiratory tract 

infections to severe lower respiratory tract infections that may lead to hospitalization and sometimes 

death (Chanock, 2001).  In addition, there are reports that respiratory viral infections vary in clinical 

presentations with associated altered cytokine profiles and high viral load (Laham et al., 2004; de Jong et 

al., 2006; Faisca and Desmecht, 2007; Melendi et al., 2007).  Moreover, immune therapies for this kind 

of illness are very limited; this limitation is due to at least in part to our incomplete understanding of the 

genetic basis of the differential immune response to respiratory viruses.  Sendai virus (SeV) which is 

thought to be a natural respiratory pathogen of mice was shown to display a wide spectrum of resistance 

and susceptibility among mice strains (Itoh et al., 1989; Faisca et al., 2005).  However, the variation in 

sensitivity to SeV was not only because of genetic restriction of viral infection and replication rather was 

the result of some aberrations or differences in the humoral or cell-mediated immune response.  In 

addition, evidence has been accumulating that children with severe respiratory infection suffer from 

enhanced inflammatory lesions caused by cytokine storm, rather than virus induced cytopathology (Gern 

et al., 2006, Melendi et al., 2007).  SeV resistant mice are known to repress initial viral replication, 

restrict viral spread and airway pathology, and finally eliminate the virus, while susceptible mice tend to 

allow viral replication and spread with severe pathological outcomes (Itoh et al., 1991; Faisca and 



 

Desmecht, 2007).  This suggests that host immune response might be playing a crucial role in severity 

of respiratory viral infections caused by these closely related viruses.  The innate immune system 

represents the evolutionary ancient part of vertebrate immunity and relies on germ line encoded receptors 

commonly referred to as pattern recognition receptors, to mediate immune responses to pathogenic 

microorganisms (Medzhitov, 2001; Kawai and Akira, 2006).  Triggering of these receptors activates a 

variety of signal transduction pathways ultimately resulting in large alterations of the host transcriptome 

profile, of which the dynamic complexity and underlying mechanisms are poorly understood, especially 

at the whole organism level.  SeV has been known to be an excellent inducer of IFN as well as other 

cytokines such as IL-2, TNF, IL-6 and IL-10 (Mo et al., 1995).  Although primary SeV infection 

induces both Th1 and Th2 responses with the production of inflammatory cytokines (Mo et al., 1997a), 

however, IL-4 (Mo et al., 1997b), Tlr4 (van der Sluijs et al., 2003) and Tlr3 (Elco et al., 2005) were 

shown not to interfere with SeV infection.  Animal models of viral respiratory disease have similar traits 

to human respiratory infections and can be used to investigate the mechanism associated with disease 

severity.  In addition, transcriptional profiling has provided a great amount of information about host 

pathogen interactions.  Most of these studies monitored changes in gene expression in the host cells 

after contact with specific pathogen in vitro.  While these studies can provide information concerning 

cell-autonomous differences in the response to infection, in vivo analyses are required to detect 

differences in the complex multifactorial interactions between the pathogen and host in a real infection, 

especially in the coordinated behavior of the host immune system.  Furthermore, the comparison of the 

microarray data for acute lung inflammation models from 12 studies (exposures to air pollutants; 

bacterial, viral, and parasitic infections; and allergic asthma models), of which the cluster includes 



 

subsets such as inflammatory response, IFN-induced genes, immune signaling, or cell proliferation, of 

these subsets, the inflammatory response was common to all models.  However, IFN-induced responses 

were more pronounced in viral models.  In addition, responses to influenza in macaques were weaker 

than in mice, reflecting differences in the degree of lung inflammation and/or virus replication (Pennings 

et al., 2008).  Thus, the author hypothesized that there could be differences in the expression of 

inflammatory cytokine/chemokine and their receptor genes among murine strains after SeV infection.  

Taken together, in this study, the author compared and determines the differences in the kinetics of 

cellular influx, viral replication, pathogenesis and transcriptional immune signatures of an airway 

inflammatory response between resistant B6 and susceptible D2 mice strains, which represents two polar 

extremes of response to SeV induced pneumonia.  The results provided a global view of the differential 

early and late changes in immune response to SeV infection, from which the author was able to extract 

components pointing to possible mechanisms accounting for the genetic differences in susceptibility and 

also provided clues to the respiratory viral pathologies seen in children.  Furthermore, the identification 

of immune regulatory factors involved in the interaction of SeV with these hosts, will provide deeper 

understanding of beneficial or detrimental pulmonary immune mechanisms, which will lead to the 

development of new strategies for the control human respiratory viral infections. 



 

5.2.                     Materials and Methods 

5.2.1.  Animals 

 Eight weeks-old SPF female 57BL6/J (B6) and DBA2/J (D2) mice were purchased from Japan 

SLC (Shizuoka, Japan), and used for all experimental procedures under SPF conditions.  Mice from 

each strain were divided into four groups, for sampling on day 2, 4, 8 and 14 post infection (p.i); same 

aged mice were used as controls.  For sampling at indicated time points; mice were sacrificed with the 

intra-peritoneal injection of pentobarbital sodium (Somnopentyl, Schering-Plough Animal Health, NJ, 

USA) and followed by cervical dislocation.  The Institutional Animal Care and Use committee of 

Hokkaido University approved all experimental protocols.   

5.2.2.  Virus and infection 

 The MN strain of SeV was kind gift from Prof.  Hiroshi Iwai, Rakuno Gakuen University.  

Seed virus stock in modified Eagle medium (Sigma, MO,USA) with 1% bovine serum albumin was 

inoculated into 10-day-old embryonated chicken eggs and incubated for 72 h at 35ºC.  After allantoic 

fluid recovered from inoculated eggs was centrifuged at 2,500 x g for 20 min, the supernatant was 

collected and stored at -80 ºC until used for infection to mice.  Virus titer in the allantioc fluid was 

determined by hemadsorption assay using a monkey kidney cell line, LLC-MK2, and chicken red blood 

cells.  The values of virus titer were indicated as median tissue culture infectious dose (TCID50).  Mice 

were infected with median tissue culture infectious dose (103 TCID50) of SeV in Medium 199 (Sigma, 

MO, USA).  A volume of 25 µl of the viral innoculum was slowly instilled intranasally, following 

anesthetization with intra-peritoneal injection of pentobartital sodium.  Generally, for the determination 

of virulence, a representative of infected mice and that of control were weighed daily and monitored by 



 

visual inspection twice per day, with the main visual disease signs being lethargic, ruffled fur, hunching, 

and dyspnea. 

5.2.3.  Pulmonary lavage cytology  

 Four mice from each group of B6, D2 and that of the control mice were sacrificed at indicated 

time points and bronchoalveolar lavage fluid (BALF) samples were collected by exposing the trachea 

with a midline incision, left main stem bronchus was isolated, clamped, and the trachea cannulated with a 

sterile 22-gauge Abbocath-T catheter.  The right lung lobes were lavaged five times with warm Hanks 

balanced saline solution (HBSS pH 7.2, body weight × 35 ml/kg 37°C).  BALF was centrifuged at 800 

× g for 10 min and the supernates were stored for cytokine analysis (−80°C).  BALF cells were 

resuspended in 1,000 µl Dulbecco's minimal essential medium (DMEM) containing 10% fetal bovine 

serum (FBS), and total number of cells was determined with a hemacytometer.  Additionally, 200 µl of 

resuspended cells were adhered in duplicate onto glass slides using a Cytospin (Cytospin 3 centrifuge, 

Shandon, Pittsburgh, PA) and subsequently stained with Giemsa solution (Merck KGaA, Darmstadt, 

Germany) for cell differentiation determination, with at least 300 cells counted from each slide and was 

used to calculate the percentages of various cells for each group of mice.  Results were expressed as 

mean ± SE values for each group 

5.2.4.  Determination of viral titers in lungs of Sendai virus infected mice 

 To determine viral titers of all mice groups total RNAs were obtained from the homogenized 

lungs tissues of all mice groups at indicated time points using TRIzol reagent (Invitrogen, Carlsbad, CA, 

USA).  The purified RNAs were treated with DNase for DNA digestion (Nippon Gene, Toyama, Japan) 

and synthesized to cDNAs using ReverTra Ace (Toyobo, Osaka, Japan) and Oligo dT Primer (Invitrogen, 



 

Carlsbad, CA, USA).  A two-step quantitative real-time PCR analysis was performed using the Brilliant 

SYBR Green QPCR Master Mix and the real-time thermal cycler (MX 3000; Stratagene, Milano, Italy).  

The amplification conditions were as follows: 10 min at 95ºC, 40 cycles of 10 s at 95ºC, 20 s at 58ºC, and 

20 s at 72ºC, 1 cycle of 10 s at 95ºC, 20 s at 58ºC, and 20 s at 95ºC.  ROX dye was included in each 

reaction to normalize non-PCR-related fluctuations in the fluorescence signals.  The amplification 

specificity of all the PCR reactions was confirmed by melting curve analysis.  No-template controls 

were included for each primer pair to assess any significant levels of contaminants.  Relative 

quantification of the SeV mRNA copies of the gene was normalized to the expression of β-actin (Table 

1.5).  The viral load present in a sample was calculated using standard curve of particle counted SeV 

included in the assay run, and Student’s t-test was used to analyze the differences in lung virus titers 

between the groups of mice following natural log-transformation of the data.   

5.2.5.  Lung histopathology analysis of Sendai virus infected mice 

 Lungs were flushed with sterile saline removed from all mice groups at indicated time points 

after SeV infection and fixed in acetate-buffered 4% formaldehyde solution and, after 24 h, washed with 

sterile saline, re-suspended with 70% ethanol, and stored at 4°C until processed.  Lungs were embedded 

in paraffin and sections were cut 5-µm thick in duplicates, stained with hematoxylin–eosin, and examined 

under the light microscope. The degree of distribution and severity of inflammatory infiltrates/structural 

alterations were examined around small airways and adjacent blood vessels, changes were graded on a 

scale of 1–6 (1: Normal; 1: slight/ mild; 2: moderately severe; 4 and severe/high; 6).  The pathology 

scores for lung sections were averaged and summarized as pathological index.  Values were expressed 

as mean ± SE values for each group. 



 

5.2.6.  Bronchoalveolar lavage fluid (BALF) cytokine analysis  

 Following infection with SeV, collected BALF was analyzed for the expression levels of mouse 

inflammatory cytokines; IL-1A, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IFN-γ, TNF-α, 

granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor 

(GM-CSF) in lavage fluid were determined using Multi-Analyte ELISArray Kit profiler (SABiosciences 

MD, USA.  catalog no #MEM-004A).  The kit analyzes the concentrations of these proteins as well as 

set of standard negative and positive controls also included in the kit.  For testing of BALF cytokine 

profile 50 µl of each sample from all groups of mice at indicated time points was analyzed in duplicates 

and concentrations of cytokines was determined by comparing the standard positive and negative controls 

at 450 nm.  Data were obtained using the SoftMax Pro version 5 software program (MDS Analytical 

Technologies, Ontario, Canada) for standardization and standard curve acquisition followed by conversion 

to Excel format (Microsoft Corporation, Seattle, WA) for further analysis.  Comparisons of BALF 

cytokine measurements were made with Mann-Whitney test, P-value less than 0.05 was considered 

significant and data were analyzed with SPSS 16.0 (Chicago, IL)  

5.2.7 RNA isolation and RT2 Profiler PCR Array 

 Total RNA was isolated from lung tissues of all infected mice groups and that of the control at 

indicated time points using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).  RNA samples were 

refined using an RNeasy Micro Kit (Qiagen, Germantown, MD) and treated with Turbo-free DNase 

(Ambion) for DNA digestion and elimination.  Thereafter it was re-cleaned again.  One microgram of 

each total RNA sample was converted into first-strand cDNA using RT2 PCR Array First Strand Kit 

(SABiosciences, Frederick, MD USA).  Each RT2 Profiler PCR Array was performed in duplicate on a 



 

96-well format using 10 µl of cDNA targeting the mRNA levels of the 84 Mouse Inflammatory 

Cytokines/Chenokines and Receptors, (SuperArray Bioscience Corporation; catalog no 

#PAMM-011-12A).  The genes list were; chemokine genes (Ccl1, Ccl2, Ccl3, Ccl4, Ccl5, Ccl6, Ccl7, 

Ccl8, Ccl9, Ccl11, Ccl12, Ccl17, Ccl19, Ccl20, Ccl22, Ccl24, Ccl25, Cx3cl1 (Scye1), Cxcl1, Cxcl4, 

Cxcl5, Cxcl9, Cxcl10, Cxcl11, Cxcl12 (Sdf1), Cxcl13, Cxcl15), chemokine receptors (Ccr1, Ccr2, Ccr3, 

Ccr4, Ccr5, Ccr6, Ccr7, Ccr8, Ccr9, Cxcr3, Il8rb, Xcr1), cytokine genes (Ifng, Il1a, Il1b, Il1f6, Il1f8, Il3, 

Il4, Il10, Il11, Il13, Il15, Il16, Il17b, Il18, Il20, Itgam, Itgb2, Lta, Ltb, Mif, Spp1, Tgfb1, Tnfa, Cd40lg), 

and cytokine receptors (Ifngr1, Il1r1, Il1r2, Il2rb, Il2rg, Il5ra, Il6ra, Il6st, Il8rb, Il10ra, Il10rb, Il13ra1, 

Tnfrsf1a, Tnfrsf1b), and other genes involved in inflammatory response (Abcf1, Bcl6, Blr1, C3, Casp1, 

Crp, Tollip).  The quantitative RT2-PCR array was run on an MX 300 thermal cycler (Stratagene, La 

Jolla, CA).  The PCR array mix was denatured at 95°C for 10 min before the first PCR cycle.  The 

thermal cycle profile consists of denaturation for 15 s at 95°C and annealing for 60 s at 60°C.  A total of 

40 PCR cycles were performed.  Data analysis was performed using the manufacturer’s integrated 

web-based software package for the RT2 PCR Array System using ΔΔCt based fold-change calculations.  

The expression levels of each mRNA were normalized using the expression of Gusb, Hprt1, Hsp90ab1, 

Gapdh, and Actb, considered the housekeeping genes.  Changes in gene expression were analyzed by 

t-test with the use of appropriate cutoff criteria, a 10-fold induction or repression of expression, with a P 

value of <0.05, was considered to represent significantly up- or down-regulated gene expression.  The 

author further characterized the gene expression response patterns in B6, D2 and control mice by carrying 

out gene cluster analysis of indicated time points, which created a 2D gene tree using an average linkage 

clustering heat map method (SuperArray RT2 PCR Array Data Analysis Web-base Software).  The 



 

dendrogram illustrates the hierarchical time points of the lung of each mice group, and an average cut off 

for gene changes in fold expression was considered to be significant at P < 0.001.   

5.2.8 Validation of gene expression by Two-step real-time quantitative PCR 

 In addition to RT2 Profiler PCR Array analysis four genes were selected and their expression 

levels were measured by two-step Quantitative real time PCR and β-actin was used as internal control.  

The following genes were use: NM_008350 (Il11), NM_019508 (Il17b), NM_009263 (Spp1) 

NM_011577 (Tgfb1) and NM_007393 (β-actin) (Table 1.5).  To examine their mRNA expression, total 

RNAs were obtained from the lungs of all mice groups at indicated time points using TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA).  The purified RNAs were treated with DNase for DNA digestion 

(Nippon Gene, Toyama, Japan) and synthesized to cDNAs using ReverTra Ace (Toyobo, Osaka, Japan) 

and Oligo dT Primer (Invitrogen, Carlsbad, CA, USA).  The quantitative real-time PCR analysis was 

performed using the Brilliant SYBR Green QPCR Master Mix and the real-time thermal cycler (MX 

3000; Stratagene, Milano, Italy) to obtain cDNAs.  The amplification conditions were as follows: 10 

min at 95ºC, followed by 40 cycles of 10 s at 95ºC, 20 s at 58ºC, and 20 s at 72ºC, 1 cycle of 10 s at 95ºC, 

20 s at 58ºC, and 20 s at 95ºC.  ROX dye was included in each reaction to normalize non-PCR-related 

fluctuations in the fluorescence signals.  The amplification specificity of all the PCR reactions was 

confirmed by melting curve analysis.  No-template controls were included for each primer pair to assess 

any significant levels of contaminants.  Relative quantification of the mRNA copies of all genes was 

normalized to the expression of β-actin.  The ratio of genes was calculated from these normalized values 

and expressed as fold change compared to those of controls.   



 

5.3                            Results 

5.3.1 Induction of Sendai virus pneumonia and kinetics of pulmonary response 

As the first step towards characterizing the differential host defense against respiratory SeV 

infection, groups of B6 and D2 mice were inoculated by intra nasally with 1×103 TCID50 on day 0 and 

their clinical signs were monitored.  Intranasal infection with 1×103 TCID50 of SeV resulted in a 

transient weight loss reaching a nadir between 7-8 days after infection in both B6 and D2 mice (Fig 1.8 

A; P < 0.05 compared to control).  However, D2 mice tend to loose more weight as compared to B6 

mice, and with the later recovering and returning to normal weight levels by day 14, thereby maintaining 

its normal appearance.  While in all occasions D2 mice, showed severe susceptibility to the virus, with 

severe clinical signs and fail to recover thereby terminating to death between 9-10 days as the usual end 

points. 

To elucidate the mechanism of the differential sensitivity to SeV-induced pneumonia in these 

mice, the kinetics of pulmonary recruitment of inflammatory cells in response to the infection was 

determined.  Inflammatory cellular influx in infected mice emerges by day 2 after SeV infection; 

however, the total cellular population and their composition in BALF of both mice strains did not change 

considerably, which mainly consisted of macrophages and very few neutrophils as compared with the 

control (Fig 1.8 B).  On the other hand, on day 4, total leukocytes count in BALF increased 

approximately 5 and 9-fold in B6 (*P < 0.05) and D2 (***P < 0.001) mice, respectively, compared with 

that of the control mice.  In addition, D2 mice had 2-fold cellular influx than B6 (**P < 0.05) consisting 

of mainly macrophages, neutrophils, and lymphocytes.  D2 mice continued to have higher number of 

cellular infiltration up to day 8 as compared to B6 mice and by day 14 cellular influx in B6 declined to 



 

almost the same level as compared to that of the controls.  The author postulated that the differential 

pulmonary cellular infiltrations seen in these mice might be attributed in part to transcriptional regulation 

of immune mediators or the rapid destruction of immune and endothelial cells as a result of viral 

replication, which could possibly account for their differential susceptibilities.  Therefore, viral titers 

from lung tissues of the two strains and that of the control mice at 2, 4, 8 and 14 days after infection were 

determined (Fig.  1.8 C).  From 2 to 8 days after infection, viral titers increased significantly and 

peaked on day 4 in both mice strains when compared to the controls (Control vs B6 **P < 0.005; Control 

vs D2 ***P < 0.0001).  Following determination, the viral load increased significantly in D2 mice (*P < 

0.05) as compared to B6 mice, which had only a considerable increase on day 4 and by day 8, viral titers 

become very low which coincided with the time of viral clearance and cumulated to undetectable level by 

day 14.  This finding, was consistent with previous reports of viral clearance between 12-21 days after 

SeV infection which were determined by end point titration in embryonated eggs (Hou et al., 1992; 

Zhong et al., 2001).  It should be noted that viral load was measured by real time quantitative RT-PCR 

instead of standard plaque assay.  These methods may differ in their outcome, since standard plaque 

assay only detects viable virus (i.e virus that been shed by infected cells), whereas molecular techniques 

detect all viral genomes.  Although these methods of analysis differ from other reports (Brownstein and 

Winkler, 1986; Itoh et al., 1991), the present analysis reconfirms previous report, that there are indeed 

differences in viral loads amongst resistant and susceptible mice strains ( Faisca et al., 2005).  The viral 

titers in D2 mice correlate with severity of the disease and it clearly shows that these mice lack the 

capacity to clear the virus.  Conversely, these results suggest that there is indeed a connection between 

the pulmonary titers and the morphological and clinical characteristics of the infection. 



 

 5.3.2 Lung histopathology changes in response to Sendai virus induced pneumonia 

Consequently, the previous data suggest that the two mice strains differ in their response to SeV 

induced pneumonia; therefore, the author investigated differences in inflammation and compared lung 

histopathological changes at indicated time points in these mice strains after viral infection.  Lungs from 

SeV-infected B6, D2 and that of the control mice were harvested on days 2, 4, 8 and 14 and examined 

grossly.  Incidence of lung consolidation was much more severe in D2 as compared to B6 mice.  

Thereafter harvested lungs were sectioned and stained with hematoxylin-eosin.  The lungs were 

examined and graded microscopically using a pathological index.  Figure 1.9A shows the representative 

sections and taken at indicated time points from each group of mice at low and high power to 

demonstrate the relative amount of pathological changes that developed in the lung of each strain.  

Histopathological lung lesions developed in the two mice strains, but the degree of the lesions is much 

more severe in D2 than in B6 mice.  There was little difference between the first histological profile of 

B6 mice and normal morphology of murine lungs on day 2.  The airways did not contain exudates and 

the epithelium appeared generally intact.  On days 4 and 8, the cell density in interstitium appeared 

slightly elevated; however, this returned to normal level by day 14.  The histological diagnosis most 

compatible with these observations was slight broncho-bronchiolitis.  In contrast, D2 mice had exudates 

in the alveolar spaces contain mixtures of cell debris epithelial cells, neutrophils, lymphocytes and 

morphologically altered macrophages (cytoplasmic vacuolation, pycnosis, karyorhexis).  From day 4 to 

8, the epithelial lining exhibited large areas of deciliation alternating with degeneration, necrosis, 

desquamation and marked hyperplasia with uneven thickness and cell arrangements.  The lamina 

propria was infiltrated multifocally by numerous macrophages, neutrophils and lymphoid cells with 



 

round nuclei which generated the characteristic perivascular cuffing, and this was diagnosed as severe 

necrotizing and purulent broncho-broncholitis with multifocal alveolitis (Figure 1.9 A and B).   

5.3.3 Proinflammatory BALF cytokine response to Sendai virus induced pneumonia 

The cellular inflammatory influx and histopathological changes suggest that these two mice 

strains might differ in their immune response to SeV infection.  To determine whether an altered 

proinflammatory cytokine response could account for the observed differential response to SeV infection, 

the virus-induced cellular pulmonary cytokine responses of B6, D2 and control mice were investigated.  

The cellular pulmonary cytokine protein levels of BALF from these mice was compared, of which the 

panel consist of some the cytokines implicated previously in the pathogenesis of respiratory SeV 

infection, which were determined over the course of the infection responses (Mo et al., 1995; Mo et al., 

1997a; Mo et al., 1997b).  The inflammatory cytokines include IL-1α, IL-1ß, IL-2, IL-4, IL-6, IL-10, 

IL-12, IL-17α, IFN-γ, TNF-α, G-CSF and GM-CSF.  SeV infection seems to induce most of these 

BALF cytokine levels in both strains of mice with the majority of the assayed cytokine reaching their 

peak levels on day 4 or 8 p.i as compared to control mice (Fig 2.0).  On day 2 p.i, we observed the 

induction of some of the cytokines; however, D2 mice had a significantly higher levels of IL-6 and IFN-γ 

(P<0.05) as compared to B6 mice (Fig 2.0), indicating the immediate and early response to viral induced 

stress in D2 mice.  Interestingly on day 4 p.i, a very distinct and robust response to SeV-induced 

pneumonia in both mice strains was observed, with D2 mice producing a much higher amount of 

cytokines as compared to B6 mice, which correlates with the amount of cellular influx in this strain.  

The response in D2 mice were driven by significant levels of IL-1ß, IL-2, IL-6, and TNF-α as compared 

to B6 (P < 0.05), with very high levels of IFN-γ and GM-CSF which was consider as a Th1-mediated 



 

response.  While the response in B6 mice was mediated by significant levels of IL-1α, IL-4, IL-10, 

IL-12, G-CSF (P < 0.05) and with moderate levels of IL-6 and GM-CSF, which was denoted as 

Th1/Th2-mediated response, and coincides with high influx of inflammatory cells in both mice strains 

compared to the controls.  Furthermore, day 8 p.i response was very distinct between the two strains, 

which coincided with the time of viral clearance in B6 and severe pathology with persistent high viral 

titer observed in D2 mice.  The levels of these cytokines (IL-1ß, IL-2, IL-6, IFN-γ, TNF-α, GM-CSF) 

remained steadily and significantly high in D2 mice (P < 0.05), in contrast with B6 mice, which had a 

reduction in the levels of the cytokines with significant levels of IL-10 and IL-12 (P < 0.05).  

Furthermore, BALF in B6 and control mice on day 14 p.i was analyzed and compared; except for IL-6 

and IL-12 , other cytokines returned to normal baseline levels, thus coincides with the time for the viral 

titer becomes undetectable and tissue regeneration and remodeling had taken place in this strain (Fig 1.8 

C, Fig 1.9 A).  Taken together, D2 mice tend to respond early to SeV infectionm while B6 mice 

maintained a balance between Th1-and Th2-mediated response, thereby mounting an effective immune 

response in a well-coordinated fashion.  Thus, the clearly defined pathophysiological and 

proinflammatory BALF cytokine differences in these strains points to the fact that there could be host 

genetic immune transcriptional variation that are responsible for the differential immune responses.  

Therefore, the author sought to define further the host transcriptional immune responses that might 

mediate differential susceptibility to SeV-induced pneumonia in these two mice strains. 

 5.3.4 Transcriptional immune gene regulation in lung upon Sendai virus induced pneumonia 

Thus, the initial results indicate that B6 has a conferred genetic molecular mechanism of 

abrogating the infection, while D2 mice succumbed to the infection.  In addition, the mortality usually 



 

exhibited by D2 mice occurs during the timeframe of when a virus-specific adaptive immune response 

would develop.  To gain insight into the observed differential response, the author assessed the 

inflammatory cytokines/chemokines and receptors genes that are likely to be induced at early and late 

time points after SeV infection in these two mice strains.  Therefore, a comparative transcriptional 

profiles of the lungs of SeV-infected B6, D2 and control mice on days 2, 4, 8 and 14 after SeV 

inoculation were performed using quantitative RT-PCR analysis of an array of 84 inflammatory 

cytokines and chemokines and their receptors (n = 4 per group at indicated time points, equal amounts of 

total RNA from all mice groups were pooled).  Cluster analysis of all arrays clearly shows that the two 

mice strains infected with SeV showed a distinct pattern of responses to SeV-induced pneumonia through 

out the course of infection, and all genes in both mice strains showed altered differential expressions as 

compared to controls (Fig 2.1).  Two days post infection, D2 mice mounted an early immune response 

to SeV infection with the immediate up-regulation of genes for some key cytokines/chemokines and 

receptors which include, Ifng, Tnfrsf1a, Tnfrsf1b, Il2rb, Il3, Il5ra, Il11, Scye1, Ccl3, Ccl11, Ccl19, Ccl22, 

Ccl25 and Cxcl1, and other related inflammatory genes such as Abcf1 and C3 when compared to B6 

which had only the induction of Il6ra.  Furthermore, on day 4 p.i, which coincided with the time of viral 

replication and activation of the immune response, the set of genes up-regulated in B6 are either 

down-regulated or distinct as compared to D2 mice, confirming the differential transcriptional immune 

response to SeV infection between these two strains.  These data closely parallel the cellular influx, 

viral titers and proinflammatory cytokine response observed at 4-day p.i (Fig 1.8 B, C, D and Fig 2.0).  

Conversely, D2 mice tend to show a consistent pattern of up and down-regulated genes through out the 

course of infection, whereas in B6, the strongest response was detected on day 4 p.i with the 



 

up-regulation of most of the cytokines/chemokines receptors genes and thereafter they fade away or 

remained at undetectable level on day 8 p.i, and with only a few set of genes that were up-regulated 

(Il1r2, Cxcl13, Cxcr3, Ccl5, Ccr2, Itgam, Cxcl15, Cxcl10, Il6st, Il1b) in this strain.  These suggested the 

ability of B6 to repress SeV infection and parallel the decrease in viral titer and less severe lung 

pathology seen in this strain, and also indicated the coordinated behavior of B6 immune system in 

combating the SeV-induced pneumonia.  On day 8-p.i, D2 mice showed a slight deviation from 

consistently up-regulated genes (day 2-4) with new set of genes being activated in this strain, which 

shows its inability to mount an effective immune response and also relates to the persistent steady level 

of high viral titers and severity of lung pathology observed, and correlates to high degree of altered host 

genes immune regulation.  Next, the author compared day 14 p.i controls and B6 mice and found out 

that only few genes showed altered regulation in the later, which corresponds to the complete elimination 

of viral particles and remodeling of lung architecture, therefore agreeing with earlier reports of SeV 

infection in resistant strains characterized by slight peak of viral titers on fourth to fifth day, thereafter 

virus titer declines rapidly with post infectious virus no longer detectable after the 10th -11th day p.i. 

 Taken together, this analysis revealed that B6 mice tend to produce lower amount of 

proinflammatory cytokines/chemokines and effectively clear the virus, while D2 mice succumbed after 

infection had high viral loads and increased production of proinflammatory cytokines/chemokines early 

after infection, which becomes detrimental to the host.  Therefore, the author sought to identify the 

underlying mechanism responsible for this difference, and carried out a detailed comparative analysis of 

consistently up and down- regulated proinflammatory cytokine/chemokine genes in D2 compared to B6 

mice of all indicated time points.  Log2 t-test* fold-changes was used for the analysis in genes 



 

expression with a cut off criteria of 10-fold up or down regulation were considered significant at P < 0.05 

based on reliable Ct-values.  Fifty six genes exhibiting differential relative levels of expression in D2 as 

compared to B6 mice were detected.  In addition, the analysis further revealed 26 and 5 significantly 

up-and down-regulated genes, respectively, out of the 56 genes showing relative levels of expression 

(P<0.05) (Table 1.6).  The consistently up-regulated genes for cytokines/chemokines and receptors in 

D2 mice were dominated by chemokine CC family (Ccl3 (MIP-1A), Ccl11 Ccl19, Ccl22), interleukins 

(Ifng, Il3, Il11, Il13, Il16, Cx3cl1(Scye1)), chemokine CXC family (Cxcl1, Cxcl10 (IP-10)), chemokine 

receptors (Ccr8, Ccr9, Xcr1), cytokine receptors (Il2rb, Il5ra, Il6st, Tnfrsf1a, Tnfrsf1b) and other 

inflammatory related genes (Abcf1, C3, Crp, Tollip), with the down regulated genes which includes Ccl5 

(RANTES), Itgam, Ltb, Spp1 and Tgfb1.  Previously, some of these genes have been reported to be 

inducible by SeV; Ccl3, Cxcl10, Ifng and Il13 (Matikainen et al., 2000; Cai and Castleman 2002; Elco et 

al., 2005; Kohlmeier et al., 2008) and they have been incriminated in the immunopathology of the disease.  

Based on these findings that B6 mice are able to repressed viral replication and effectively clear the virus 

with less severe pathological outcomes.  The author decided to look closely the set of genes that were 

regulated on day 4 p.i.  The response in B6 were modulated by sets of up-regulated genes based on 

functional groupings which includes; chemokine genes (Ccl2, Ccl4, Ccl6, Ccl7, Ccl8, Ccl9, Ccl12, Ccl17, 

Ccl24, Cxcl4, Cxcl5, Cxcl9, Cx3cl1), chemokine receptors (Ccr3, Ccr4, Ccr5, Ccr6, Ccr7, Ccr10, Cxcr5), 

cytokine genes (Il1A, Il1f8, Il1f6, Il4, Il10, IL20, Tnf, Lta, Ltb, Cd401g, Tgbf1, Itgam), cytokine receptors 

(Il1r1, Il2rg, Il8rb) and other inflammatory response genes (Casp1) (Fig 2.1).  Consistent with these 

findings, Ccr5, Ccl5, Ccl7, Il4, Il10 and Tnf, (Itoh et al., 89; Mo et al., 1997a; Grayson et al., 2007) had 

been reported to be involved in SeV immune response.  The expression of genes for some cytokines 



 

such as Tnf, Tgbf1, Il10 and Il11 in B6 which has been known to act in part immunosuppressively or by 

specifically targeting pathogens, indicates equally and important aspect of the immune response, as these 

genes will help restore the host cell to its normal state when the inflammatory stimulus is no longer 

present, thus keeping the system in check, whereas these genes in D2 mice might cause the exacerbation 

of the disease process.  Next, of all the total number of genes analyzed in this study, some of set of 

genes that includes Ifng, Itgb2, Il1B, Il3, Il10rb, Il11, Il18, Ccl20, Ccl25, Cxcl1, Cx3cl, Abfcf1 and Bc16 

were commonly up-regulated in both mice strains (Fig 2.1).  Although, the two strains showed a clearly 

distinct response to SeV-induced pneumonia, there exists a pathway that they could be exerting similar 

immune response.  However, the expression of inflammatory mediators triggered by SeV infection was 

distinct in terms of absolute values, phases and tissue damage, depending on the mouse strain.  These 

differences can be associated to the severity and progression of the disease, which might results in death 

of the susceptible D2 strain, and in the disease control in the resistant B6 strain. 

5.3.5 Validation of potential differentially expressed genes in lungs of infected mice by quantitative 

real-time PCR 

To validate and confirm the gene expression changes found by RT-PCR array analysis, primers 

were designed and quantitative real-time PCR was performed.  For this purpose, two genes that 

displayed relatively up-regulation were selected; Il11 (>4.26 fold up-regulation, P<0.05) and Il17b 

(>2.58 fold up-regulation, P < 0.05), and two other genes which were down regulated in D2 mice but 

up-regulated in B6; Spp1 (< -7.06 fold down regulation, P < 0.000) and Tgfb1 (< -5.78 fold down 

regulation, P < 0.003) were also selected (Table 1.6 and Fig 2.1).  The two genes that were up-regulated 

in both stains which were detected using RT-PCR profiling were also up-regulated using quantitative 



 

real-time PCR (Fig 2.2).  In addition, two genes which were down-regulated in D2 mice but 

up-regulated in B6 showed similar phenomenon, indeed this confirms the consistency and accuracy of the 

RT-PCR array profiling.   



 



 

 

Fig 1.8. Body weight changes in B6 (black squares), D2 (grey squares) and control (open triangles) same 
aged mice (A), after inoculation with SeV on day 0 and monitored for 14 days; (B) The total cellular 
composition and diferential counts in the bronchoalveolar lavage fluid from groups of four B6 (black 
bars), D2 (grey bars) and control (open bars) mice following inoculation with SeV, on days 2, 4, 8 and 14, 
mice were exsanguinated, their lungs were lavaged. Total cell counts on both day 4 and 8 p.i *P < 0.05 
Control vs B6; ***P < 0.001 Control vs D2 and **P < 0.05 B6 vs D2. Data are presented as mean total 
leucocytes and mean absolute values of differential counts (Macrophages, Neutrophils and lymphocytes) 
± SEM. (C) qRT-PCR analysis of lung viral titers after infection with SeV and titers are expressed in 
log10 viral copies, ***P < 0.0001 Control vs D2; **P < 0.005 Control vs B6 and *P < 0.05 D2 vs B6. 
(D) Photomicrograph representation of pulmonary cellular influx from BALF of all mice groups at 
indicated time points; Giemsa staining, Bar = 100μm. 



 

 
Fig 1.9.  (A) Representative lung sections are shown for Control (panel A - H), B6 (panel I - P), and D2 
mice (panel Q - V) for both lower (×20) and higher (×40) magnification. D2 mice had exudates in the 
alveolar spaces, this contain mixtures of cell debris epithelial cells, neutrophils, lymphocytes and 
morphologically altered macrophages (blue arrows), from day 4 to 8 p.i (panel R-V) the epithelial lining 
exhibited large areas of deciliation alternating with degeneration, necrosis, desquamation and marked 
hyperplasia with uneven thickness and cell arrangements (black arrows). B6 (panel I - P), on day 2 p.i the 
airways never contain exudates and their epithelium appeared generally intact, with the lamina propria 
containing a few noncoalescent foci of infiltration by mononucleated and lymphoid cells. All alveolar 
spaces were empty, with the exception of few macrophages neutrophils and lymphoid cells, the density of 
which was comparable to that observable in normal control lung. On day 4 and 8 p.i the interstitium, cell 
density appeared slightly elevated; however, this returned to normal by day 14. (B) Histogram illustrating 
the hematoxylin and eosin stain  pathological index at indicated time points. Results are expressed as the 
mean values of the pathological index in the experimental groups. Error bars, 1 SE. Lung sections were 
stained with hematoxylin and eosin for histological evaluation, Bar = 50μm and 100μm. 



 

 
 
 
 
Fig 2.0. Pulmonary cytokine levels in bronchoalveolar lavage fluid of B6 (black bars), D2 (grey bars) and 
control (open bars) mice (n = 4 per group) following inoculation with SeV. BALF samples were collected 
on day 2, 4, 8 and 14, and cytokine levels were determined in duplicates using the mouse panel of 
Multi-Analyte ELISArray profiler. Data are expressed as mean± SEM of 4 mice at each time point. The 
detection limits of the assays were 2.5 OD at 450nm. Student t-test was used to determined the statistical 
differences between B6 and D2 mice, P < 0.05 B6 vs D2 on days 2, 4, and 8 or B6 vs control on day 
14. 



 

 
Fig 2.1. Cluster analysis showing heat map of mouse inflammatory cytokine/chemokine and receptor 
genes regulated in lungs of B6, D2 and control mice. A 2D gene tree was created using the average 
linkage clustering heat map method. Genes with a change in fold (P < 0.001) are depicted. Each row 
represents lung of each mouse group at indicated time points and the hierarchical structure of the 
time-points and infections is illustrated as a dendrogram while the fold change values are color encoded 
with green for down-regulated genes, black for average unregulated genes and red for up-regulated genes. 



 

 
Table 1.5. Primer sequence of selected genes for quantitative-PCR  
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Primer sequence 
Il11 
 
 
Il17b 
 
 
Spp1 
 
 
Tgfb1 
 
 
β-actin. 
 
 
SeV 

5'-GGTGGTGCTGAGCCTCTGGC-3' (forward) 
5'-GGCCCAGGGGGATCACAGGT-3' (reverse) 
 
5'-CTGCCGCCTGACTTGGTGGG-3' (forward) 
5'-GTTGAGGACAGAGGCGGCGG-3' (reverse) 
 
5'-GCGGCAGGCATTCTCGGAGG-3' (forward) 
5'-CGGCCGTTGGGGACATCGAC-3' (reverse) 
 
5'-GAAGCAGTGCCCGAACCCCC-3' (forward) 
5'-CTCCGGTGCCGTGAGCTGTG-3' (reverse) 
 
5'-TGTTACCAACTGGGACGACA-3' (forward) 
5'- GGGGTGTTGAAGGTCTCAAA -3' (reverse) 
 
5'-TCTGTTGAAGGCTGTCATGC-3' (forward) 
5'-GAATGGGTTATCCGGGAGTT-3'(reverse) 



 

Table 1.6. Log2 fold-changes in genes expression of inflammatory cytokines/chemokines and receptors 
in D2 susceptible compared to B6 resistant strain. 
 



 

 

 
Fig 2.2. Validation of RT-PCR array by quantitative real time PCR; Data shows the relative gene 

expression through out the course of infection of up-regulated genes in both mice strains (A) Il11, (B) 

Il17b and down-regulated genes in D2 but up-regulated in B6 (C) Spp1 and (D) Tgfb1.The house keeping 

gene Actb was used to normalize the expression of genes in all samples.



 

5.4                           Discussion 

The interface between an infectious agent and its host represents the ultimate battleground for 

survival: the microbe must secure a niche for replication, whereas the host must limit the pathogen’s 

advance.  Thus, following the initial observation that humans exhibit differential response to respiratory 

viruses and that certain mouse strains are more susceptible to SeV-induced pneumonia after infection, but 

other strains are resistant, the author sought to identify the underlying mechanism responsible for this 

strain difference.  The data emphasize the overall complexity of the processes involved, because many 

differentially expressed gene products participate in anti-inflammatory regulatory circuits.  Obviously, 

this reflects the enduring need for a local balance between effective immune protection and collateral 

damage. 

At first sight (day 2 p.i), both strains seem to trigger a similar sequence of defensive events, 

which are typically characterized activation of tissue resident macrophages as well as recruitment of 

neutrophils.  However, at later stages (day 4 and 8 p.i), signs of extensive cellular proliferation and 

tissue destruction, as well as T-cell-associated processes became apparent.  These findings support the 

concept that both mice strains may elicit an innate immune response that is beneficial for virus control or 

on the other hand, may cause more extensive immunopathology.  Susceptible D2 mice which 

succumbed to SeV infection had high viral loads and increased production of exuberant systemic 

proinflammatory cytokines/chemokines early after infection.  In contrast, resistant B6 mice that 

effectively cleared the virus and produced lower levels of cytokines/chemokines.  There was an intense 

pro-inflammatory and Th1 cytokine/chemokine response in D2 mice, which is associated with 

uncontrolled viral replication, which was very similar to the phenomena of acute influenza-infected 



 

human patients and interestingly, the cytokine profile observed in this study, closely resembles that 

observed in highly pathogenic H5N1 influenza disease (de Jong et al., 2006).  Similarly, H5N1 strongly 

induced production of CCL2, TNF-α, IFN-γ in susceptible D2 mice (Boon et al., 2009).  Both previous 

reports are commonly associated with elevated plasma concentrations of IL-6, TNF-α, IFN-γ, CXCL10 

(IP-10), CXCL9 (MIG) and CCL2 (MCP-1).  In addition, the link between disease severity and high 

viral loads with increased production of proinflammatory cytokines was previously found in humans 

infected with Influenza and SARS viruses (Cameron et al., 2007).   

SeV is an excellent inducer of IFN as well as other cytokines such as IL-2, TNF-α, IL-6 and IL-10, 

whose peaks were observed at the 7-10 day, about the time that the virus are cleared from the lungs (Mo 

et al., 1997a).  However, there was distinct expression of some of these cellular proinflammatory 

mediators in BALF of these mice.  For instance, the response in D2 mice was early and much more 

intense with the expression of high levels of IL-1ß, IL-2, IL-6, IFN-γ, TNF-α and GM-CSF, with low 

levels of IL-10 and IL-12, whereas B6 mice responded insidiously with moderate levels of IL-1α, IL-4, 

IL-10, IL-12, IFN-γ, G-CSF and GM-CSF.  Cytokines/chemokines have the capacity to modulate and 

alter immune response of target cells.  The balance of these bioactive molecules could determine the 

disease outcome for a susceptible animal.  The virus-infected macrophages and dendritic cells, which 

reside in close proximity to epithelium, can produce significant amounts of IFNs and TNF-α and in 

response to SeV infection (Veckam et al., 2006).  IFN-γ is one of the most important endogenous 

mediators of immunity and inflammation.  IFN-γ plays a key role in macrophage activation, 

inflammation, host defense against intracellular pathogens and Th1 cell responses.  In parallel, IFN-γ 

exerts regulatory functions to limit tissue damage associated with inflammation and to modulate 



 

regulatory T cell differentiation.  For instance, IFN-γ promotes innate immune responses by activating 

macrophages, enhances TLR induced production of TNF-α, IL-6 and IL-12.  On the other hand, IFN-γ 

antagonizes anti-inflammatory effects of IL-10 both by attenuating IL-10 production, inhibition of 

TLR-induced Il10 gene expression and by suppressing IL-10 signaling.  At the same time, IFN-γ 

possesses crucial homeostatic functions that regulate the balance between clearance of invading 

pathogens and limiting collateral damage to the host (Hu and Ivashkiv, 2009).  These results argue that 

D2 mice mount robust IFN-γ responses and exhibit high plasma levels of the IFN-stimulated cytokines 

TNF-α, IL-6 and lower amounts of IL-12, and together with CXCL10 and CCL2 chemokines during 

acute illness.  Deregulation of IL-1ß, IL-6 and TNF-α production has been implicated in the pathology 

of several disease processes.  Previous reports have shown that the temporal production of antiviral 

cytokine correlates with severity of viral illnesses (Cheung et al 2002, Szretter et al., 2007) and that IL-1ß, 

IL-6 and TNF-α are involved in inducing the severity of SeV infection and the lung immunopathology 

(Akk et al 2008), suggesting that the low amount of these cytokines protected B6 mice against the 

severity of SeV-induced excessive inflammation and weight loss.  Th1 cells express high levels of 

IFN-γ, IL-2, and TNF-α, which activate macrophages to orchestrate a robust cell-mediated immune 

response.  By comparison, Th2 cells express IL-4, IL-5, IL-10, and interact with B cells to generate 

strong humoral immune responses (Romagnani, 1995).  The excess induction of IFN-γ by infectious 

pathogens has also been shown to play a role in the inhibition of the development of Th2 responses 

(Wohlleben and Erb, 2004).  Consistently high levels of IFN-γ and IL-2, low levels of IL-4, IL-10 were 

detected in BALF of D2 mice, whereas, they were at higher levels in B6, suggesting that other migrating 

inflammatory cells in this strain are less efficient in the production of these mediators.  This observation 



 

suggested that Th1/Th2 polarization of the immune response following SeV infection determines 

susceptibility to the disease.  Overall, primary SeV infection induces both Th1 and Th2 responses; 

however, there is a tendency for it to shift to Th1 as seen in susceptible D2 mice, while maintaining a 

balance in resistant B6 mice.  Th1 cytokine IL-12, has been shown to reduce the severity of 

SeV-induced bronchiolar inflammation (Stone et al., 2003) and infected mice with any of these viruses; 

murine cytomegalovirus, respiratory syncytial virus, influenza virus and herpes simplex virus, increase in 

IL-12 levels are critical to early activation of NK cells and the establishment of a Th1 antiviral immune 

response (Romani et al., 1997).  The effect of IL-12 on influenza virus immune response in resistant 

BALB/c mice showed that IL-12 contributes to the inhibition of early virus replication but is not required 

for virus clearance.  In addition, IL-12 has been found to modestly contributes to the activation of 

cytotoxic T lymphocytes (Monteiro et al., 1998).  These cytokines tend to form the bridge that trigger 

the activation of the adaptive immune response, confirming the lack of effective adaptive immune 

response in D2 mice hence the associated fatality observed in this strain.  IL-4 also has been known to 

be produced during the course of this infection.  This cytokine could be exerting a beneficial effects in 

B6 mice strain, since it has been shown to act synergistically with IL-12 in promoting T cell response 

(Mo et al., 1995).  During acute influenza infection, CD8+ T effector cells produce larger amount of 

IL-10, which controls excessive inflammation and associated tissue injury.  In addition, blocking IL-10 

resulted in enhanced pulmonary inflammation and lethal injury (Sun et al., 2009).  In this study, B6 

mice induced rapid and transient high level production of IL-10; in contrast, D2 mice produced low level 

of IL-10 during viral infection, suggesting the failure in regulation of the magnitude of inflammation 

during acute virus infection.  The analysis also showed that quite a number of chemokine genes were 



 

regulated upon SeV infection, indicating that the expression of chemokines is an important early host 

response during SeV infection and probably initiates cellular influx that were observed at later time 

points during the course of infection especially in D2 mice.  This was similar to earlier studies of RSV 

infection of lung epithelial cells that resulted in a response dominated by chemokine expression and to 

others that analyzed chemokine expression in the lung (Zhang et al., 2001; Miller et al., 2004).  Perhaps 

one of the most interesting findings was the set of genes that were consistently down-regulated in D2 

mice while remaining up-regulated in B6 mice.  For instance Ccl5 (RANTES) which had been known to 

interact with Ccr5 and provide antiapoptotic signals for macrophage survival during SeV infection and 

also accelerated recruitment of memory CD8+ T cells to the lung airways during virus challenge thereby 

releasing effector molecules that impairs viral replication (Tyner et al., 2005; Kim et al., 2008), remained 

down-regulated in D2 mice.  Possibly, this could account for the in ability of this strain to stop the 

cell-cell infectious process leading to delayed viral clearance and excessive airway inflammation, in 

contrast to B6 mice, that express both genes in a coordinated manner.  In human blood dendritic-cell 

subsets, influenza virus triggers a coordinated secretion of several chemokines and chemokine receptors 

program in 3 successive waves with similar functions, thereby modulating the coordination of immune 

effectors in response to viral infection (Piqueras et al., 2006).  For SeV infection, the severity of the 

disease might be linked to the extent of plasma leakage.  For instance, several genes for 

cytokines/chemokines (IL-2, IL-6, TNF-α, INF-γ, GM-CSF, Il18, Ccl2, Ccl3, Ccl5, Ccl7, Ccr2, Ccr3) 

were also found to be up-regulated in D2 (Cheng and Chu, 2008).  These gene products are known 

mediators of vascular permeability in addition to their regulatory functions of inflammatory responses.  

Therefore, the author postulated that, the upregulation of these cytokines and chemokines might be the 



 

likely cause of severe hypoxemia in D2 mice.  Itgam, Tgfb1 Ltb and Spp1, which have been known to 

play critical roles in inflammation; macrophage or T-cell activation and initiation of adaptive immune 

responses in response to viral infections ( de Jong et al., 2006; Li and Flavell, 2008; Kim and Braciale, 

2009) were also down-regulated in D2 mice.  These data shows that, although D2 mice are able to 

mount immune responses early enough with the up-regulation of several cytokines and chemokines there 

exits a pathway in which these mice are deficient.   

In conclusion, the important and novel finding of this study is that the deleterious immune 

inflammation seen in D2 mice is as a result of hypercytokinemia, or cytokine storm, during acute SeV 

pneumonia.  In the previous crossing experiment involving these two strains described in Part 1, the 

author reported that, resistance was a dominant genetic trait under the control of three loci that encodes 

several genes.  Similarly, the susceptibility seen in D2 mice might be under a similar genetic influence 

as seen with the upregulation of multiple cytokines and chemokines.  However, the fact remains, that 

there are many genes involved in susceptibility and resistance to SeV, which can greatly influence the 

outcome of the disease.  Thus, this comparative analysis of the pulmonary transcriptional signatures 

induced by SeV infection provides information on the molecular framework underlying pathogenesis and 

protective immunity in pneumonia.  The identification of unique differences in gene expression profiles 

as well as common signatures can provide useful information for further molecular analysis and about 

suitable targets for novel intervention strategies, particularly with regard to the mechanisms responsible 

for the menacing similarities between respiratory viral infections.  In addition, the two mice strains used 

in this study provides for models further elucidation respiratory viral immune responses to clearly define 

beneficial and detrimental responses in humans.   



 

5.5                        Summary 

The severity of respiratory viral infections in humans varies in clinical presentations and 

pathological outcomes.  To gain insight into the severity and differential immuno-pathogenesis of 

respiratory viral infections, Sendai virus (SeV) was used to define both beneficial and detrimental 

immune response in resistant C57BL6/J (B6) and susceptible DBA2/J (D2) mice.  The kinetics of the 

differences in SeV-induced pneumonia and immune transcriptional signatures in lungs of these mice 

strains on days 2, 4, 8 and 14 after infection were compared.  Cytokines in bronchoalveolar lavage fluid 

from lungs of these infected mice, were profiled and compared, and also the gene expressions of 

cytokines, chemokines and their receptors were also analyzed at indicated time points.  The two mice 

strains were classically immunologically distinct, and D2 mice mounted an early and more intense 

immune response, with increased cellular influx which were dominated by macrophages, neutrophils and 

lymphocytes, high viral load, severe lung pathology and significant high levels of IL-1ß, IL-2, IL-6, 

IFN-γ, TNF-α and GM-CSF in contrast to B6 mice.  Fifty six genes consistently showed an altered 

regulation in D2 mice, and of these numbers, 26 and 5 genes were significantly up-regulated and 

down-regulated, respectively, through out the course of infection as compared to B6 mice.  These 

results suggest that the pronounced immune response observed in D2 mice might be instrumental to the 

severe pathology, thereby providing new insights into the pathogenesis of respiratory viral infections and 

highlighting the value of transcriptional profiling for the elucidation of underlying mechanisms. 

 

 

 



 

    



 

7.0     General Conclusion 

 Sendai virus (SeV), also known as mouse parainfluenza virus type I, which is the archetype 

member of the paramyxovirus family that includes respiratory syncytial virus (RSV), human 

metapneumovirus, and human parainfluenza viruses that more often infect humans with high morbidity 

and mortality worldwide.  The virus is used as a model to study human respiratory viral pathogenesis.  

In addition, it has been used extensively in studies that have defined most of the basic biochemical and 

molecular biologic properties of the paramyxoviruses.  In vivo studies of most other paramyxoviruses 

are considerably more difficult because their susceptible hosts are often humans, non-human primates or 

other large animals and also because the mouse- or other small animal models do not always 

satisfactorily mimic natural infections and diseases.  Hence the SeV-mouse system represents a good 

experimental paradigm for the dissection of host-viral interactions of respiratory viral infections.  

Different susceptibilities to SeV had been reported; however, there are no reports on the genetic basis for 

the varying response among mice strains.  Thus, the author carried out a genetic mapping studies as well 

as trancriptome profiling to characterize the differential response in C57BL6/J (B6) and DBA2/J (D2) 

mice strains that represent two polar extremes in response to SeV infection.   

 The first part of the study involves genetic mapping studies in D2 susceptible and B6 resistant 

mice.  F1, F2, and N2 backcrossed mice were generated and examined for their disease resistance and 

susceptibility.  For the determination of virulence, percentage body weight loss and survival time were 

used as phenotypes.  A genome wide scan on 108 backcrossed mice for linkage with percentage body 

weight loss as phenotype was performed.  A major quantitative trait locus (QTL) showing significant 

linkage was mapped to the distal portion of Chr 4 (SeV1).  In addition, two other QTLs showing 



 

suggestive statistical linkage were also detected on Chr 8 and 14.  Furthermore, genome scan was 

performed for interactions with least squares analysis of variance of all pairs of informative makers in 

backcrossed progenies.  A highly significant epistatic interaction between D3Mit182 and D14Mit10 was 

identified, and denoted as SeV2 and SeV3, respectively, and the latter was the same locus showing a 

suggestive level on Chr 14 in QTL analysis.  Considered genotypes of these three loci, could account for 

more than 90% of genetic effect on the differential response to SeV infection between B6 and D2 mice.  

These findings revealed a novel gene interactions controlling SeV resistance in mice and will enable the 

identification of resistance genes encoded within these loci. 

The second part of the study was perform to gain insight into the severity and differential 

immuno-pathogenesis of respiratory viral infections by defining both beneficial and detrimental immune 

response in resistant B6 and susceptible D2 mice.  The author compared the differences in the kinetics 

of SeV-induced pneumonia and immune transcriptional signatures in lungs of these mice strains on days 

2, 4, 8 and 14 after infection.  Inflammatory cytokines in bronchoalveolar lavage fluid and gene 

expressions of cytokines, chemokines and their receptors from lungs of these infected mice were 

compared.  The two strains were classically immunologically distinct, and D2 mice mounted an early 

and more intense immune response, with increased cellular influx which were dominated by 

macrophages, neutrophils and lymphocytes, high viral load, severe lung pathology and significant high 

levels of IL-1ß, IL-2, IL-6, IFN-γ, TNF-α and GM-CSF in contrast to B6 mice.  Fifty six genes 

consistently showed an altered regulation in D2 mice, and of these numbers, 26 and 5 genes were 

significantly up-regulated and down-regulated, respectively, through out the course of infection as 

compared to B6 mice.  These results suggest that the pronounced immune response observed in D2 mice 



 

might be instrumental to the severe pathology and resembles “cytokine storm” of respiratory illness seen 

in humans.   

Therefore, from these results the author conclude that, the important and novel finding of this 

study is that the deleterious immune inflammation observed in D2 mice results of hypercytokinemia, or 

cytokine storm, during acute SeV pneumonia.  However, the fact remains, that there are many genes 

involved in susceptibility and resistance to SeV, which can greatly influence the outcome of the disease.  

Thus, the genetic mapping studies and comparative analysis of the pulmonary transcriptional signatures 

induced by SeV infection provides information on the molecular framework underlying pathogenesis and 

protective immunity in pneumonia.  The identification of genetic loci that control resistance and unique 

differences in gene expression profiles as well as common signatures can provide useful information for 

further molecular analysis and about suitable targets for novel intervention strategies, particularly with 

regard to the mechanisms responsible for the menacing similarities between respiratory viral infections.  

Thus the two mice strains used in this study provides for models for further elucidation of respiratory 

viral immune responses to clearly define beneficial and detrimental responses in humans.   
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