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Canine influenza virus (CIV) is an important emerging pathogen that causes highly 

contagious respiratory disease in dogs. Secondary bacterial pneumonia is a leading 

complication of CIV infection. Initial characterizations of CIV-induced respiratory disease 

suggested alveolar macrophages may be susceptible to virus infection. Studies using 

other influenza viruses have revealed that alveolar macrophages may play an important 

role in influenza pathogenesis, and that prior infection of alveolar macrophages with 

influenza virus augments the cytokine response to bacterial products. The hypothesis 

for these studies was that CIV induces severe respiratory disease in dogs by infecting 

pulmonary macrophages and inducing high levels of pro-inflammatory cytokines such 

as TNF-α and that CIV infection of macrophages induces dysregulated cytokine 

responses in macrophages when they are subsequently exposed to bacterial 

pathogens. Infection of alveolar macrophages with CIV was demonstrated by production 

of virus in macrophage cultures, expression of virus matrix mRNA, and expression of 

virus antigen in inoculated macrophages. Infection of alveolar macrophages with CIV 

led to cell death via both necrosis and apoptosis. Following inoculation with CIV, 

alveolar macrophages produced TNF-α to a similar extent as to when exposed to 
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lipopolysaccharide. This TNF-α production was host-strain specific as inoculation with 

alveolar macrophages with a genetically related equine influenza virus yielded similar 

virus matrix mRNA expression yet significantly (p<0.05) less TNF-α production. Prior 

infection of alveolar macrophages primed them for an exaggerated TNF-α response to 

lipopolysaccharide, but not to other bacterial products such as lipoteichoic acid, flagellin 

or unmethylated CpG DNA. This effect was mediated by a much larger accumulation of 

TNF-α mRNA following LPS exposure in CIV-infected macrophages than in 

macrophages exposed only to LPS or virus. The mechanism for the increased mRNA 

remains poorly defined and does not appear to be explained by altered mRNA 

degradation alone. In conclusion, CIV infects alveolar macrophages and induces TNF-α 

expression and cell death. Prior infection of alveolar macrophages with CIV augments 

the TNF-α response to LPS, and this effect is mediated at least in part by increased 

amounts of TNF-α mRNA.  
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CHAPTER 1 
LITERATURE REVIEW 

Influenza Viruses 

Influenza viruses are enveloped, segmented, single stranded, negative-sense 

RNA viruses belonging to the family Orthomyxoviridae.111 Within this family are three 

types of influenza viruses, namely influenza A, influenza B and influenza C viruses. The 

B type of influenza primarily causes respiratory disease in humans, and influenza C 

viruses cause only mild sporadic disease in humans. Influenza A viruses are of most 

interest due to their role in pandemic and epidemic outbreaks of disease in a wide 

variety of mammalian and avian species. 

Structurally, influenza A viruses comprise an outer lipid membrane of host-cell 

origin, and an inner ribonucleoprotein core containing eight segments of single stranded 

negative sense RNA. Virus particles are roughly spheroidal to pleomorphic and 

approximate 100nm in diameter. The eight genomic segments encode eleven functional 

proteins, utilizing alternate open reading frames and splicing.28 A twelfth protein of 

unknown function has recently been described.165 Embedded in the outer lipid 

membrane are two major viral glycoproteins, the hemagglutinin (HA) and neuraminidase 

(NA), as well as the M2 proton channel. The M1 matrix protein lies subjacent to the 

outer lipid membrane envelope.  

The ribonucleoprotein core comprises viral RNA complexed with nucleoprotein 

(NP), polymerase proteins (PB1, PB2 and PA), and small amounts of nuclear export 

protein/nonstructural proteins (NEP/NS2).103 Two other viral proteins, the NS1 and PB2-

F2 proteins, are expressed in significant amounts only in infected cells.25,54  
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Within the influenza A viruses, there are 16 known antigenically distinct HA types 

and 9 NA types, which form the basis of classification of the viruses. The current 

nomenclature system for influenza A viruses includes the host of origin, geographic 

location of first isolation, strain number and year of isolation. The HA and NA subtype of 

influenza A viruses is specified in parentheses, e.g. Equine/Kentucky/1/94 (H3N8).1 

Aquatic birds are thought to be the reservoir of all influenza viruses in other 

species.161 Stable host-adapted lineages of influenza viruses occur in a variety of 

mammals including humans, swine, and horses.161 Other mammalian species such as 

seals, whales, mink, ferrets, felids and dogs have been naturally infected with influenza 

viruses, although definitive evidence of horizontal virus transmission and establishment 

of stable viral lineages in these species has not been demonstrated.12,34,140-142,161,167 A 

recently emergent H3N8 influenza virus has been demonstrated to exist as a new stable 

lineage within the US dog population.41 

In mammals, influenza A infection is typically limited to the respiratory tract, 

however systemic spread can occur.51,166 The virus primarily targets and replicates in 

respiratory epithelium by first binding surface glycoproteins and glycolipids terminated 

by sialic acid residues on host cells with the viral HA. Virus uptake occurs primarily by 

clathrin-mediated endocytosis, however internalization of virus also may occur via 

caveolae, nonclathrin and noncaveolae pathways, and by macropinocytosis.111 Fusion 

of the virus particle with endosomal membranes and uncoating of viral ribonucleoprotein 

is pH-dependent and mediated by the HA and M2 proteins. Viral ribonucleoprotein is 

actively transported to the nucleus where transcription of viral mRNA, cRNA and 

replication of vRNA is mediated by the heterotrimeric viral polymerase (PB1, PB2 and 
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PA), NP as well host-derived components.28,111 Ribonucleoprotein complexes are 

formed in the nucleus, and are exported to the cytoplasm under the influence of the M1 

and NEP/NS2 proteins.111 The M1 protein is likely the primary mediator of virus 

assembly and budding from the host cell plasma membrane, although other viral and 

host factors are likely involved.103 Release of viral particles requires the glycoprotein NA 

that cleaves surface sialic acid residues from the host cell and virus particle, preventing 

the HA from binding to the host cell or agglutinating with other viral particles.77,103 

Canine H3N8 Influenza Virus 

Canine H3N8 influenza virus (CIV) was first characterized following isolation from 

racing greyhounds during an outbreak of severe respiratory disease at a Florida 

racetrack in January of 2004.32 Molecular and antigenic analysis of the first CIV isolate 

showed a close phylogenetic relationship to contemporaneous equine H3N8 influenza 

viruses, with greater than 96% shared sequence identity.32 The similarity of all CIV 

genes to equine H3N8 viruses indicated an interspecies transfer of a whole influenza 

virus, from horses to dogs.  

In the initial outbreak of respiratory disease, affected animals most commonly 

(14/22 affected dogs) presented with fever followed by a cough persisting for 10-14 

days, with subsequent recovery. A smaller subset (8/22) of affected animals died 

peracutely with a severe hemorrhagic pneumonia accompanied by tracheitis, bronchitis, 

bronchiolitis and suppurative bronchopneumonia. Subsequent serological surveys of 

asymptomatic contact animals revealed up to 95% seroconversion to the virus, 

indicating high rates of subclinical infection as well as a very high transmissibility of the 

virus. A similar outbreak of respiratory disease in greyhounds occurred previously in 
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Florida in March of 2003, from which a very closely related H3N8 influenza virus was 

subsequently isolated. 

Serologic evidence suggests the virus was present in the racing greyhound 

population as early as 2000.41 Since the discovery of CIV, serologic and virologic 

evidence indicates the virus has spread within the racing greyhound population, as well 

as in other non-racing dogs throughout the United States.41,112 In addition to greyhound 

racetracks, CIV has been implicated in outbreaks of respiratory disease in shelters, 

boarding facilities and veterinary clinics.  

Clinical disease associated with CIV typically is observed within 5 days of infection 

and is characterized by anorexia, lethargy, fever and serous to purulent nasal discharge 

as well as by nonproductive cough that may persist for several weeks.41 A subset of 

infected dogs develop pneumonia which is complicated by secondary bacterial infection, 

and it is in these animals that mortality associated with CIV is most commonly seen.41 A 

more severe form of disease continues to be seen in a minority of infected racing 

greyhounds that die peracutely with severe hemorrhagic pneumonia characterized by 

extensive pulmonary, mediastinal and pleural hemorrhage.32,168 Of the 13 greyhound 

mortalities associated with influenza outbreaks where necropsies have been performed 

at the College of Veterinary Medicine, UF, all had a hemorrhagic pneumonia, and 12 

(92%) had evidence of bacterial involvement either histologically or from culture. 

Similarly, of 8 pet and shelter dogs necropsied at UF that were PCR positive for canine 

influenza virus, 4 (50%) had bronchopneumonia with evidence of bacterial involvement. 

In necropsies where tissue was cultured, Streptococcus equi subsp zooepidemicus (S. 
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zooepidemicus) was the most common isolate (53%), with a spectrum of gram-positive 

and gram-negative organisms isolated in other cases. 

 Histologic evaluation of naturally and experimentally infected animals revealed 

neutrophilic to lymphohistiocytic tracheitis and bronchitis, with necrosis and hyperplasia 

of surface and glandular epithelium. Bronchopneumonia, when it occurs, is typically 

neutrophilic to histiocytic, with interstitial edema and minimal to extensive 

hemorrhage.32,41,112 Immunohistochemical studies on infected animals revealed 

influenza antigen (H3) in the cytoplasm of bronchial surface and glandular epithelium, 

bronchiolar epithelium, and macrophages in airway lumens and alveolar spaces.32 

Influenza A Viruses and Bacterial Pneumonia 

The mechanism by which canine influenza virus predisposes to bacterial 

pneumonia in dogs is not known. The link between influenza and the increased 

morbidity and mortality associated with bacterial pneumonia in humans is well 

established, and was first noted during the 1918 influenza pandemic, well before the 

discovery of influenza virus.18,92,94,100 To this day, even in the absence of highly virulent 

pandemic influenza virus, bacterial pneumonia, especially caused by Streptococcus 

pneumonia, Staphylococcus aureus, Streptococcus pyogenes and Haemophilus 

influenzae, remains a significant cause of influenza-associated morbidity and mortality 

in humans.18,52,109,136,137,150 A similar situation exists in pigs and horses naturally infected 

with influenza virus.75,85,159,164 Studies in vitro and experimental in vivo work have 

elucidated several potential mechanisms by which influenza virus may predispose to 

bacterial pneumonia and enhance the morbidity and mortality of influenza infection.  
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Pathogenesis of Bacterial Pneumonia Secondary to Influenza Infection 

For many years, the higher incidence of bacterial pneumonia following influenza 

infection was attributed to the destruction of airway epithelium, which exposes 

underlying connective tissue elements to which bacteria can adhere.36,60,122,155 Studies 

have also demonstrated increased adherence of bacteria to basal epithelium on the 

damaged mucosa of infected animals122 and regenerating epithelium.121 However, as 

reported by McCullers92 the respiratory toxicant 4-ipomeanol, known to induce lung 

epithelial injury, did not enhance the occurrence of secondary bacterial pneumonia 

experimentally. Also, there is marked variation in the virulence of influenza viruses, and 

it has been demonstrated that those viruses that induce minimal pathology of the airway 

epithelium can allow persistence of bacteria in the lungs for prolonged periods or 

predispose to bacterial superinfection.105,133 These findings indicate that adherence to 

damaged respiratory mucosa is not the sole cause of the predisposition to secondary 

bacterial pneumonia following influenza infection.  

Influenza virus may alter tracheal function and suppress normal mucociliary 

mechanisms responsible for clearance of bacteria from the lung. In mice, prior influenza 

infection has been shown to delay clearance of staphylococci from the trachea 

(independent of increased adherence) and increase the frequency of spontaneous 

tracheal colonization of gram-negative bacteria.108 In mice and an ex vivo mouse 

tracheal model, influenza virus reduced clearance of S. pneumoniae and decreased 

mucociliary velocity, independent of increased bacterial adherence.120 Other studies 

have shown decreased mucus clearance in the trachea of infected humans,83 and 

decreased ciliary function in a ferret model and chinchilla eustachian tube epithelium.63 

In horses, influenza infection has been shown to depress tracheal clearance rates.163  
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Other viral factors may influence the adhesion of bacterial pathogens to respiratory 

epithelial cells. Some respiratory bacterial pathogens, in particular S. pneumoniae, rely 

on intrinsic neuraminidase function to cleave sialic acid from host cell surface 

glycoproteins to expose molecules used for adherence.152 The influenza NA protein has 

been shown to alter binding abilities of S. pneumoniae to epithelial cells in vitro, and 

those viruses with the greatest NA activity have been shown to have a greater 

propensity to predispose to bacterial pneumonia.93,115,116 Viral neuraminidase may also 

play a role in decreasing the function of neutrophils exposed to influenza virus.38 

 Recent studies have indicated a possible role of the platelet activating factor 

receptor (PAF-R) in the adhesion of S. pneumoniae to epithelium in post-influenza 

pneumonia. PAF-R has been shown to be upregulated under the influence of 

inflammatory cytokines33 and during viral infection.65 Phosphorylcholine in the cell wall 

of S. pneumoniae can adhere to PAF-R.33 Studies using competitive inhibitors of PAF-R 

failed to demonstrate a role of the receptor in the development of bacterial pneumonia 

secondary to influenza infection,95 however PAF-R knockout mice showed reduced 

bacterial outgrowth in lungs, a diminished dissemination of the infection, and a 

prolonged survival after inoculation with S. pneumoniae 14 days after influenza 

infection.157 

 Although most commonly associated with S. pneumoniae and Staphylococcus 

aureus, bacterial pneumonia following influenza infection in humans is due to a wide 

variety of bacteria. In dogs infected with canine influenza, several bacterial species 

have been associated with secondary bacterial pneumonia. This suggests influenza 

incites a more generalized defect in the clearance of bacteria from the lung or the 
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effectiveness of the inflammatory response to bacteria, or the induction of a pulmonary 

environment more conducive to bacterial outgrowth. Much work has been performed on 

the impact of influenza virus on the innate immune response to bacterial infection of the 

lung, focusing on both macrophages and neutrophils.  

 Neutrophil function and survival are influenced by influenza virus. Influenza 

infection of neutrophils is likely abortive22 and UV-inactivated virus is capable of 

detrimentally affecting neutrophil phagocytosis and chemotaxis.38 However, neutrophil 

chemotaxis,3,4,78 oxidative function,3,8 endocytosis,9 phagocytosis,38 phagosome-

lysosome fusion6 and bactericidal activity8 have been shown to be diminished in 

response to secondary stimuli after influenza virus exposure. The virus binding to 

surface receptors may mediate some of these effects.5,21,55,56 Additionally, influenza 

virus has been shown to decrease the lifespan of neutrophils by inducing apoptosis, 

either alone or in combination with bacteria.29,42,43 This effect may be influenced largely 

by the respiratory burst.42,43 Much of this work has been performed in vitro, however in 

vivo work has demonstrated decreased neutrophil phagocytosis and oxidative function 

in response to S. pneumoniae from lungs of mice infected with influenza for 3 and 6 

days.98  

 The effect of influenza virus on alveolar macrophages is perhaps more crucial 

due to their role as the primary initial defense against colonizing bacteria, as well as 

their importance in modulating inflammatory changes in the lung and recruiting 

additional inflammatory cells following activation.17,35,96 Alveolar macrophages are also 

likely key in controlling influenza infection prior to an adaptive immune response.71,154 

Influenza virus has been shown to infect macrophages/monocytes in a variety of 
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species.62,88,126-128,134 In vitro, infection of macrophages is usually abortive127 or 

produces very small amounts of virus,16,102 however patent infections of macrophages 

have been reported.134 Virus yield from human macrophages has been shown to be 

increased by pre-incubation with GM-CSF.15 The origin of the in vitro macrophage may 

be important as mouse peritoneal macrophages have been shown to be less 

susceptible to influenza infection than pulmonary macrophages.127 Many of the effects 

of influenza virus on macrophages are similar to those in neutrophils, such as 

diminished chemotaxis,73,129 phagocytosis,66,105 oxidative function and bactericidal 

capacity.8,160 Some studies have failed to demonstrate a direct effect of influenza virus 

on macrophage function in vitro, suggesting that the functional defect arises indirectly 

after influenza lung infection.106,107,128 Furthermore, pulmonary bactericidal defects 

following influenza infection can be ameliorated by immune depletion in mice.66,67 Even 

after resolution of influenza infection, alveolar macrophages display a diminished 

cytokine and chemokine response to toll-like receptor agonists lipopolysaccharide, 

lipoteichoic acid and flagellin.40 

Influenza virus is known to induce apoptosis in macrophages.46,82,86,87,97,99 Not all 

strains of influenza virus induce apoptosis however, and there is also variation between 

strains in the rate at which apoptosis is induced.99,134 Mechanisms by which influenza 

virus induces apoptosis have been reviewed.19,86 In macrophages, influenza viruses 

induce apoptosis by several mechanisms. The NS1 protein may promote caspase 1 

activation, leading to activation of executioner caspases and apoptosis.145 Activation of 

caspases 3 and 8 have also been implicated in influenza virus-induced apoptosis in 

macrophages.99 The PB1-F2 protein is pro-apoptotic protein expressed only by some 
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strains of influenza as a result of an alternate open reading frame in the PB1 gene.25,170 

This protein specifically targets macrophages, and is thought to be an important 

virulence determinant in some strains of influenza virus.14,30,91 The PB1-F2 protein 

induces apoptosis by associating with and increasing the permeability of mitochondrial 

membranes, facilitating the release of mitochondrial products such as cytochrome c that 

trigger apoptosis.169 

Numerous studies have demonstrated the production of cytokines from 

macrophages following infection with influenza virus,62,68,144 and these cytokines likely 

play a role in primary influenza pneumonia or the development of an adaptive immune 

response. In response to influenza infection, macrophages have been shown to 

produce a wide array of cytokines and chemokines, including TNF-α, IL-1β, IL-6, 

IFNα/β, MCP-1/CCL2,68 MIP-1α/β, RANTES/CCL5, and IL-12 p40.27,62,68,90 The cytokine 

response of macrophages to influenza virus may have a prominent role in the 

development of a primary viral pneumonia, as recently evidenced by humans fatally 

infected with avian H5N1 viruses.27,37,151 In particular, macrophage TNF-α and 

cyclooxygenase-2 (COX-2) production has been shown to be significantly elevated 

following infection with highly pathogenic H5N1 influenza A virus.27,81 The upregulation 

of TNF-α expression is dependent on activation of the p38 mitogen-activated protein 

kinase (MAPK) signaling pathway, and at least partially dependent on interferon 

regulatory factor-3 (IRF3).64,79 Individual viral genes play a role in the differential 

induction of inflammatory cytokines.27,134,145 
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Influenza Virus Infection Enhances the Pathogenesis of Subsequent Bacterial 
Infection 

Studies have demonstrated a synergistic effect on the severity of pneumonia 

caused by influenza virus infection and subsequent bacterial challenge.95,132,158 In these 

reports, challenge of influenza infected mice with S. pneumoniae up to 10 days after 

virus infection led to dramatic increases in mortality. Increased mortality was associated 

with elevated levels of inflammatory cytokines such as TNF-α and IL-6, as well as 

increased activation of toll-like receptor signaling pathways.132 

Bacteria are recognized by the innate immune system through toll-like receptors. 

The bacterial components known to act as agonists for toll-like receptors include lipid 

mediators such as lipopolysaccharide (LPS, TLR4 agonist), glycolipids such as 

lipoteichoic acid (LTA, TLR2 agonist), proteins such as flagellin (TLR5 agonist), and 

bacterial DNA (unmethylalted CpG containing DNA, TLR9 agonist).11 These bacterial 

products have been shown to induce TNF-α production in macrophages.26,143,149 

Several studies have shown that influenza A viruses act to prime macrophages for 

an exaggerated cytokine response to bacteria or their components.16,50,82,102,118 Much of 

the research in the literature has focused on the effects of the TLR4 agonist LPS on 

TNF-α production. The mechanism by which influenza virus primes macrophages for 

excessive TNF-α production subsequent to LPS exposure has been partially elucidated 

in experiments using the mouse adapted influenza A virus, A/PR8 and mouse 

macrophage cell line PU5-1.8.16,50,102 Northern blots were used to demonstrate a 

dramatic accumulation of TNF-α mRNA following influenza infection, in excess of that 

produced in response to low concentrations of LPS (10ng/ml) alone. TNF-α mRNA 

levels were only mildly potentiated following subsequent LPS exposure of influenza-
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infected macrophages.50,102 In contrast, ELISA demonstrated small to moderate 

amounts of TNF-α production following only influenza or LPS (10ng/ml) exposure, but 

excessive release of the cytokine from influenza infected macrophages co-cultured with 

LPS.50,102 Western blots on supernatants and washed cell-lysates demonstrated that 

TNF-α production was not due to the LPS-stimulated release of intracellular stores.50 To 

determine the mechanism by which A/PR8 increased TNF-α mRNA levels, a nuclear 

run-on transcription assay was used to demonstrate increased transcription of TNF-α 

mRNA following A/PR8 infection.50 In addition, increased stability of TNF-α mRNA 

following A/PR8 infection was demonstrated by sequential Northern blots from infected 

cells wherein actinomycin D was used to halt new gene transcription.50 A/PR8-infected 

human monocytes showed similar potentiation of TNF-α, IL-6 and IL-1β secretion 

following LPS exposure.16,118 In summary, these experiments demonstrated that 

influenza virus primes macrophages for an excessive TNF-α response to LPS by 

increasing transcription and stability of TNF-α mRNA. Subsequent LPS exposure 

causes excessive translation and secretion of bioactive protein.  

 The mechanism by which LPS augments translation of cytokine mRNA in 

influenza-infected macrophages is not understood. Potentially, the additional stimulus 

provided by LPS may overcome some influenza-mediated inhibition of cytokine 

translation. The augmented production of pro-inflammatory cytokines in response to 

bacterial products may contribute significantly to the inflammation and pathological 

changes that occur in response to bacterial challenge in the influenza-infected lung. 

Cytokines such as TNF-α and IL-1 have important roles in activating endothelium and 
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recruiting leukocytes, as well as promoting the activation of leukocytes and secretion of 

additional cytokines and chemokines.  

 Recent studies have shown that previous infection with influenza virus markedly 

potentiates the production of proinflammatory and anti-inflammatory cytokines in the 

lungs of mice exposed to pneumococcus. In particular, the excessive production of IL-

10 in lungs of such mice has led to speculation regarding the role of such anti-

inflammatory cytokines in the development of post-influenza pneumonia.158 IL-10 has 

been shown to impair host response to S. pneumoniae pneumonia in mice,156 as well as 

having a role in the development of bacterial pneumonia concomitant with sepsis.146 

The source of these cytokines is currently unknown, but may be produced by T-cells or 

macrophages.31,147 

 Given the strong evidence for a potentiating effect of bacterial products on the 

cytokine production of influenza infected macrophages, it is possible that alveolar 

macrophages contribute to the morbidity and mortality associated with bacterial 

pneumonia following influenza infection. Whether macrophages simply increase the 

severity of the inflammation associated with secondary bacterial invaders, or 

macrophage products directly impede normal host defenses is unclear. The effect of 

canine influenza virus on canine macrophages in not known, and the response of the 

cells to viral infection may well contribute to the increased incidence of morbidity and 

mortality associated with secondary bacterial superinfection.  

 Investigation of the contribution of the canine macrophage to both primary viral 

pneumonia and secondary bacterial pneumonia associated with canine influenza 

infection will contribute to the existing body of knowledge regarding the response of 
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macrophages to influenza infection in a variety of species. As well as providing 

important information on the pathogenesis of influenza pneumonia in dogs, 

understanding of this interaction may pave the way for the development of 

interventionist strategies aimed at interrupting the production of cytokines, and 

diminishing the disease resulting from influenza infection. Additionally, understanding 

the response of the influenza-infected macrophages to bacterial components may allow 

the development of preventative approaches to minimizing the incidence of bacterial 

pneumonia secondary to influenza infection, as well as minimizing pathology in 

individuals affected by influenza-associated bacterial pneumonia. The canine is a new 

model for human disease, and unlike experiments in the mouse, also represents a 

model for naturally occurring infection. Comparison of the response of canine 

macrophages to canine influenza virus and equine influenza virus may elucidate some 

of the mechanisms by which the virus has adapted to a new host, allowing it to cause 

disease. Further studies using recombinant viruses could be used to investigate the 

genetic basis for this.  
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CHAPTER 2 
RESEARCH PLAN AND PROTOCOL 

Introduction 

The following hypothesis, specific aims and research plan were initially approved 

by the supervisory committee on 29 January 2007 with subsequent approvals to revise 

on 29 October 2007 and 15 December 2008. The document has been changed from the 

original future tense of what was going to be done to past tense of what was done with 

few other changes except as noted. 

Hypothesis and Specific Aims 

Canine influenza virus infection in dogs has been identified as a newly emerged 

respiratory disease that is often fatal in racing greyhound dogs as well as pet and 

shelter-housed dogs.  The most important mechanisms contributing to severe, fatal 

respiratory disease induced by this virus in dogs are unknown.  Postmortem studies 

implicate concurrent respiratory bacterial infection as a frequent component in fatal 

cases. Influenza pathogenesis studies using other influenza virus-host models indicate 

that influenza virus infection of macrophages can play an important role in markedly up 

regulating pro-inflammatory cytokines that can worsen respiratory disease during 

primary infection.27,62 Other studies have shown that influenza virus infection of 

macrophages can markedly enhance the release of pro-inflammatory cytokines when 

those macrophages are subsequently exposed to bacterial components such as 

endotoxin.16,50,102 

 The hypothesis for these studies was that canine influenza virus induces severe 

respiratory disease in dogs by infecting pulmonary macrophages and inducing high 

levels of pro-inflammatory cytokines such as TNF-α and that influenza virus infection of 
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macrophages induces dysregulated cytokine responses in macrophages when they are 

subsequently exposed to bacterial pathogens.  

 There were four specific aims: 

Specific Aim 1: To Determine whether Canine Influenza Virus Replicates in 
Canine Macrophages and Induces Cell Death. 

Primary alveolar macrophages were inoculated with Canine/FL/04 and virus 

replication was measured by quantitative RT-PCR, infectious plaque assay and 

immunoperoxidase staining for hemagglutinin protein. Virus gene expression of 

Canine/FL/04 was compared to the equine virus, Equine/KY/91 by quantitative RT-PCR. 

Viability and apoptosis of macrophages following Canine/FL/04 inoculation was 

assessed by dye exclusion and annexin V/ propidium iodide assay.  

Specific Aim 2: To Characterize Alterations in Cytokine Production Induced by 
Canine Influenza Virus in Macrophages. 

Canine influenza virus induced alterations in macrophage production of TNF-α and 

IL-10 mRNA levels were determined with quantitative RT-PCR.  ELISA was used to 

determine protein levels of TNF-α and IL-10. Expression of TNF-α following 

Canine/FL/04 inoculation was compared to that following Equine/KY/91 to determine if 

the TNF-α response was virus-specific.  

Specific aim 3: To Determine whether Bacterial TLR Agonist-Induced Cytokine 
Production by Macrophages is Enhanced by Prior Infection with Canine 
Influenza Virus. 

Canine/FL/04-inoculated macrophages were challenged with lipopolysaccharide, 

lipoteichoic acid, flagellin and CpG unmethylated DNA, and cytokine mRNA and protein 

levels were determined as in specific aim 2.  
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Specific Aim 4: To Identify the Mechanism by which Canine Influenza Virus 
Augments Macrophage TNF-α Response to LPS.  

Quantitative RT-PCR was used to determine levels of mRNA in Canine/FL/04-

inoculated macrophages exposed to LPS. Actinomycin was used to halt mRNA 

transcription, and quantitative RT-PCR was used to assess mRNA stability.  

Experiment 1 

Specific Aim 1 

To determine whether canine influenza virus replicates in canine macrophages 

and induces cell death. 

Objectives 

• Determine the extent of Canine/FL/04 replication in primary canine alveolar 
macrophages. 

• Compare the ability of Canine/FL/04 and EQ/KY/91 to replicate in canine alveolar 
macrophages. 

• Determine the effect of virus infection on the survival of canine blood monocyte 
derived macrophages 

Rationale 

 Influenza viruses vary in their ability to infect and replicate in macrophages. The 

ability of Canine/FL/04 to infect and reproduce in canine macrophages has not been 

investigated. Infection may cause rapid death of the cell, either by necrosis or 

apoptosis, which may lead to initial depletion of important primary pulmonary defenses. 

Loss of pulmonary macrophages may dull the innate immune response to virus and 

slow the development of an adaptive immune response. Additionally, decreased 

numbers of pulmonary macrophages may reduce clearance of bacteria in the lung, 

paving the way for secondary bacterial pneumonia.  
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 Infection of macrophages may lead to replication of the virus, providing an 

additional source of virus apart from respiratory epithelium for further spread within 

pulmonary tissue. There appears to be marked variation across influenza virus strains 

and host species in the capacity for replication in macrophages.  

 To determine if the effects of Canine/FL/04 on macrophages are specific to the 

virus or represent a change representative of all influenza viruses, a H3N8 equine 

influenza virus of a similar lineage but genetically distant to the canine isolate will be 

used to compare macrophage response to inoculation with virus. Presumably, some 

degree of host adaptation of the canine virus has taken place to allow replication and 

spread within a new host, and this may be evident in the degree to which the virus can 

replicate in canine cells.   

Experimental Design and Methods 

In preliminary studies, the suitability of dog macrophages from three sources for 

studies on canine influenza virus replication and cytokine expression were assessed: 1) 

Macrophages lavaged from lungs of laboratory-maintained beagle dogs; 2) 

Macrophages lavaged from euthanized (cadaver) dogs at a local community animal 

shelter; and 3) Macrophages derived in vitro from peripheral blood monocytes. Initial 

viral replication and TNF-α induction studies on lavaged macrophages from beagle dogs 

and cadaver dogs yielded comparable results (Appendix A).  However, only small 

numbers of macrophages were recoverable by pulmonary lavage from normal beagle 

dogs.  Macrophages derived from peripheral blood monocytes had poor survival in 

culture using several culture methods,20,61,124 and only minimal TNF-α production in 

response to virus inoculation was found in blood-derived macrophages compared to 

primary alveolar macrophages (Appendix B).  All subsequent studies were performed 
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on macrophages lavaged from mixed breed, male and female dogs from a local shelter 

within 30 minutes to 90 minutes following euthanasia with sodium pentobarbital.   

 Purified canine alveolar macrophages were inoculated with Canine/FL/04 or 

Equine/KY/91 and studied up to 48 hours after inoculation. Time points after inoculation 

that each assay was performed are listed in Table 2-1. For experiments comparing 

equine and canine viruses, replicate inoculations for each virus were performed on 

alveolar macrophages sourced from the same animal. Mock-inoculated macrophages 

were used as negative controls for each experiment.  

Isolation of alveolar macrophages 

Alveolar macrophage isolation methods via pulmonary lavage were adapted from 

previously published reports.20,61,135 Lungs of cadaver dogs were lavaged twice with 

cold Dulbecco’s phosphate buffered saline (D-PBS). Lavaged cells were pelleted by 

centrifugation, washed twice with D-PBS, and suspended in Minimum Essential Medium 

Alpha Medium (MEMα, Gibco, Grand Island, NY) supplemented with 10% FBS and 1% 

Antibiotic-Antimycotic (Sigma Aldrich, St. Louis, MO). Macrophages were purified by 

adhesion by culturing overnight followed by washing with MEMα. Adherent 

macrophages were eluted from culture flasks via trypsinization. Macrophage 

concentration in the resulting suspension was determined by total and differential cell 

counts. Morphological identification of macrophages was confirmed with CD68 

immunnoperoxidase staining. Macrophages were seeded into 12- or 24-well tissue 

culture plates at a concentration of 5x105 per well and cultured overnight prior to 

inoculation studies. 
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Virus and mock inocula 

Viruses were propogated in MDCK cells. The Equine/KY/91 virus used in 

experiments was passaged twice, and Canine/FL/04 was passaged 3 times. Infectivity 

of stock virus was assessed by plaque assay, adapted from previous reports57,131 as 

cytopathic effect on confluent cultures of MDCK cells with a 0.5% agarose overlay.  

Mock inocula comprised a lysate of MDCK cells prepared as per virus stock without 

seed virus added. Suitability of mock inocula was validated by comparing alveolar 

macrophage responses to mock-inocula and UV-inactivated virus (Appendix C).  

Macrophage inoculation 

 Media was removed from macrophages, 0.5 ml of virus inoculum was added to 

the cells at a concentration of 2x106 PFU/ml (MOI=2) unless otherwise stated. Cells 

were incubated with virus for one hour. The inoculum was then discarded and replaced 

with supplemented MEMα. In all experiments, the point immediately after the 1 hour 

incubation period is referred to as the ‘0 hour’ time point. 

Determination of virus titers 

Culture media was collected at each time point and frozen at -70°C. Samples were 

later thawed on ice, and titers were measured by infectious plaque assay on confluent 

layers of MDCK cells with 0.5% agarose overlay. Virus titers were reported as plaque 

forming units (PFU) per milliliter of supernatant.  

H3 antigen staining in alveolar macrophages 

Alveolar macrophages were inoculated with virus or mock inoculated at an MOI of 

4 in order to assure that a large number of macrophages being sampled would be 

successfully infected. Twelve hours after virus inoculation, cytospin preparations were 

made of combined trypsinized and non-adherent macrophages. Cells were fixed in 10% 
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neutral buffered formalin for 1 hour. Air-dried slides were stained for H3 influenza A 

antigen using a H3 mouse anti-influenza A monoclonal antibody (Chemicon-Millipore, 

Temecula, CA). Bound antibody was detected using a STAT-Q 3-step peroxidase 

staining system (Innovex Biosciencs, Richmond, CA), and slides were counter stained 

with hematoxylin.  

Real-time RT-PCR 

Total RNA was isolated from inoculated macrophages at each time point using the 

RNeasy Mini Kit (Qiagen, Valencia, CA) including DNase treatment. cDNA was 

synthesized from mRNA with oligo(dT) primers using the Advantage RT for PCR kit 

(Clonetech, Mountain View CA).  Canine G3PDH and Matrix mRNA were quantified by 

real-time PCR using TaqMan® Universal PCR master mix and TAMRA™ FAM™ probes 

(Applied Biosystems, Branchburg, NJ) in the DNA engine Opticon II system (MJ 

Research/Bio-Rad Laboratories, Hercules, CA). Primer and probe sequences are listed 

in Table 2-2. Primer efficiency and mRNA quantification calculations were performed as 

described by Pfaffl.119 EIV matrix mRNA expression was corrected relative to 0h CIV 

matrix mRNA expression as comparisons of 0h expression revealed approximately 6-

fold greater expression of EIV matrix mRNA than CIV matrix mRNA. All mRNA levels 

were normalized to G3PDH mRNA expression. Results were expressed as a ratio to the 

matrix mRNA expression immediately after the inoculation period.  

Trypan blue assay 

 At the specified times, macrophages were eluted by trypsinization and combined 

with non-adherent cells in culture media. Cell counts and trypan blue exclusion assays 

were performed on the resulting cell suspension using a hemocytometer. 
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Caspase-3/7 assay 

 Purified alveolar macrophages were seeded into wells of a Nunc® FluoroNunc™ 

96-well plate (Sigma Aldrich) at a rate of 5x104 per well. Macrophages were inoculated 

with virus- or mock-inoculum (MOI=2), and for two experiments, an additional negative 

control using virus-inoculum inactivated by exposure to UV light for 2 hours was used to 

control for caspase activity in the virus inoculum. After the inoculation period, inocula 

were removed and fresh warm supplemented MEMα was added to each well. 

Staurosporine (Sigma Aldrich, S6942) was used to induce apoptosis in positive control 

wells. After 12 hours incubation, caspase-3/7 activity was measured using the Apo-

ONE® homogenous caspase-3/7 assay (Promega, Madison, WI). Plates were read 

using the Synergy HT microplate reader (Bio-tek Instruments Inc.).  

Annexin-V/Propidium iodide flow cytometry 

 Apoptosis was detected using flow cytometry and the TACS™ Annexin-V FITC 

apoptosis detection kit (R&D Systems). Alveolar macrophages were seeded into a 24-

well plate at a concentration of 2x106 macrophages per well and inoculated at an MOI of 

2 with CIV or mock-inoculum. Positive control wells were incubated with supplemented 

MEMα media. After the 1-hour incubation period, the inocula were removed, and 1ml 

fresh supplemented media was added to the wells. Staurosporine was used to induce 

apoptosis in positive control wells. After 12 hours trypsinized and non-adherent cells 

were combined, processed as per manufacturer’s directions and analyzed by flow 

cytometry using a FACSort™ flow cytometer (BD Biosciences, San Jose, CA). 
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Data analysis 

 Data were expressed as mean ± standard deviation, derived from the total 

number of experiments performed for each variable. Logarithmic transformation of data 

was performed if required to obtain normality or equal variance between groups. Means 

were compared using a one-way analysis of variance (ANOVA) or t-test if only two 

variables were examined. In the event of unequal group variances that were not 

corrected by logarithmic transformation, nonparametric methods were used to compare 

groups (e.g., Kruskal-Wallis analysis). A P value <0.05 indicated a significant difference 

between compared groups. Statistical analysis was performed using Sigmastat® 3.5 

software (Systat Software, Inc, Richmond, CA).  

Experiment 2 

Specific Aim 2 

To characterize alterations in cytokine production induced by canine influenza 

virus in macrophages. 

Objectives 

• Measure the canine macrophage TNF-α, and IL-10 response to Canine/FL/04  

• Compare the TNF-α response of canine macrophages to Canine/FL/04 and 
Equine/KY/91 viruses. 

Rationale 

 The degree to which viral infection can induce the production of inflammatory 

cytokines has a large impact on the outcome of infection. Inflammatory mediators such 

as cytokines greatly influence the type and degree of inflammation and thus the extent 

of pathology associated with viral infection. Much of the early cytokine response comes 

from the primary target of influenza virus; infected respiratory epithelial cells.23 However, 
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different influenza viruses vary in their capacity to incite a strong cytokine response in 

macrophages, and this likely contributes to the extent of pathology,  and thus primary 

viral pneumonia seen in the lungs of infected hosts.27,134 

 TNF-α plays an important role in the initiation and amplification of an 

inflammatory response by activating endothelial cells to express adhesion molecules for 

the migration of inflammatory cells, increasing vascular permeability, and activating 

leukocytes for increased killing ability and cytokine/chemokine synthesis. Additionally, 

TNFα is an important mediator of the acute phase response and initiation of fever. IL-10 

is a potent anti-inflammatory cytokine able to diminish the functional capacity of 

macrophages and neutrophils.10 

 Additionally, the production of certain cytokines such TNFα may play a role in the 

resistance of cells to viral infection or replication.125 The degree to which canine 

influenza virus is able to induce a TNF-α response may be a factor contributing to the 

ability of canine influenza virus to infect dogs, differentiating it from earlier equine 

strains.  

  The evolution of the distantly related Equine/KY/91 to the recent Canine/FL/04 

virus presumably involved some degree of host adaptation, allowing the canine virus to 

cause disease and become transmissible within a new host. That adaptation may be 

evident in the degree to which the viruses are able to induce the production of 

cytokines, which play an important role in the initiation and manifestation of disease. 

Also, by comparing the equine and canine viruses, some measurement of the specificity 

of the macrophage response to individual influenza viruses may be discernable.  
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Experimental Design and Methods 

Alveolar macrophages were inoculated with Canine/FL/04, Equine/KY/91, or mock 

inoculum, as described in Experiment 1. To initially characterize the cytokine response 

to Canine/FL/04, TNF-α and IL-10 mRNA and protein levels were determined at 0, 3, 6, 

12, and 24 hours after virus inoculation.  To compare the TNF-α response to canine and 

equine viruses, mRNA was quantified at 0, 3, 6, 9, 12 and 24 hours after inoculation.  

TNF-α protein quantification for equine and canine comparative studies was performed 

at 12 hours after inoculation only.  

Real-time RT-PCR for cytokine mRNA 

Methodology was described in experiment 1. Primer and probe sequences for 

TNF-α and IL-10 are listed in Table 2-2. Results were expressed as a ratio to the TNF-α 

or IL-10 mRNA expression in mock-inoculated cells at each time point. 

Enzyme-linked immunosorbent assay (ELISA) 

Canine TNF-α and IL-10 protein in culture media was quantified using a 

commercial ELISA (R&D Systems, Mineapolis, MN). Media were collected from 

macrophage cultures at the specified times after the inoculation period, centrifuged to 

remove cells, and stored at -70°C until further processing as per the manufacturers 

instructions. Plate absorbance readings were determined using the Synergy HT 

microplate reader (Bio-tek Instruments Inc., Winooski, VT).  

Data analysis 

 Analysis of data was performed as described in experiment 1. 
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Experiment 3 

Specific Aim 3  

To determine whether Toll-like receptor agonist-induced cytokine production by 

macrophages is enhanced by prior infection with canine influenza virus 

Objective 

• Determine the effect of prior influenza infection on the macrophage TNF-α 
response to the bacterial toll-like receptor agonists lipopolysaccharide (LPS), 
lipoteichoic acid (LTA), flagellin and CpG unmethylated DNA.  

Rationale 

 Previous studies have demonstrated the potentiating effect of influenza virus 

infection on TNF-α production in a mouse macrophage cell line and human monocytes 

exposed to LPS 16,50,102. These studies showed that mRNA levels and protein 

expression were not correlated, and that the excessive TNF-α release was due to 

increased translation of mRNA present before LPS exposure. Overproduction of TNF-α 

in response to bacterial components may play an important role in increasing the 

severity of bacterial pneumonia following influenza infection by excessively activating 

pulmonary vascular endothelium, increasing vascular permeability and recruiting 

leukocytes.  

Experimental Design and Methods 

Alveolar macrophages were inoculated with Canine/FL/04 or mock-inoculum as 

described in experiment 1. At 0, 3, and 6 hours after inoculation, a variety of 

concentrations of each TLR agonist were added to the culture media. Culture media 

was then collected at 0, 3, 6, 12 and 24 hours after virus inoculation and TNF-α protein 

levels were determined by ELISA as described in experiment 2.  
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Toll-like receptor agonists 

Lipopolysaccharide experiments: LPS from Salmonella enterica serotype 

typhimurium (Sigma Aldrich, L6143) was used for all experiments. Initially, alveolar 

macrophages were exposed to 1-1000ng LPS per milliliter culture media immediately 

after the virus inoculation period. One well of macrophages was used for each time 

point for both mock- and virus-inoculated groups. Culture medium from each well was 

used for TNF-α ELISA. In subsequent experiments, alveolar macrophages were 

exposed to 1ng/ml LPS at 3 or 6 hours after the virus inoculation period, and 170μl of 

culture medium was sampled at each measurement time point, and replaced with 170μl 

fresh medium.  

Lipoteichoic Acid experiments: LTA from Streptococcus pyogenes (Sigma 

Aldrich L3140) was used. Virus- and mock- inoculated macrophages were exposed to 

1000ng LTA/ml culture medium at 0, 3, and 6 hours after the virus inoculation period. At 

6 and 12 hours after virus inoculation, 170μl of medium from each well was sampled 

and replaced with 170μl fresh medium. As peak levels of TNF-α were measured 12 

hours after virus inoculation in the LPS experiments, only the 12-hour sample was used 

for these studies. 

Flagellin experiments: Purified flagellin from Salmonella enterica serotype 

typhimurium (InvivoGen San Diego, CA ST-FLA) was used. Virus- and mock-inoculated 

macrophages were exposed to 2μg flagellin/ml culture medium at 0, 3 and 6 hours after 

the virus inoculation period. At 6 and 12 hours after virus inoculation, 170μl of medium 

from each well was sampled and replaced with 170μl fresh medium. Only the 12-hour 

sample was used for these studies. 
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CpG experiments: Type C CpG oligonucleotide (InvivoGen, ODN 2395) was 

used. At 0, 3 or 6 hours after the virus inoculation period CpG unmethylated DNA was 

added to culture media at a concentration of 5μM. At 6 and 12 hours after virus 

inoculation, 170μl of medium from each well was sampled and replaced with 170μl fresh 

medium. Only the 12-hour sample was used for these studies. 

Experiment 4 

 
Specific Aim 4 

To identify the mechanism by which canine influenza virus augments macrophage 

TNF-α response to LPS.  

Objective 

• Determine the cellular mechanism by which canine influenza virus augments the 
cytokine response to LPS by canine macrophages.  

Rationale 

An increased cytokine response to LPS in macrophages infected with canine 

influenza virus could result from a number of mechanisms. The combination of canine 

influenza virus and LPS could lead to a net increase in the rate or amount of cytokine 

mRNA transcription. This may occur through an overlap or synergism of signaling 

pathways such as the mitogen-activated protein kinase (MAPK) or NF-κB related 

pathways, initiated by the virus and bacterial product.79 Additionally, influenza virus 

infection alone or in combination with LPS may stabilize mRNA such that the half-life of 

mRNA is increased, leading to a greater pool of cytokine mRNA available for 

translation. Alternately, influenza A infection of macrophages may lead to suppression 

of translation of cytokine mRNA through such mechanisms as dsRNA initiated pathways 

mediated by Protein kinase R (PKR),49 or by ‘cap-snatching’ from host mRNAs for viral 
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mRNA translation.77 A secondary stimulus such as LPS may overcome these inhibitions 

on host mRNA translation, leading to increased cytokine production. 

Canine influenza alone may lead to translation of bioactive protein that is not 

secreted from infected macrophages. A secondary stimulus such as LPS may trigger 

release of preformed cytokine. Additionally, increased levels of protein may arise due to 

increased rates of translation of mRNA after secondary stimulus with LPS.  

Experimental Design 

Because many of the techniques used to assess molecular mechanisms such as 

rate of transcription require large numbers of cells not attainable by lung lavage, the 

canine macrophage cell line, DH-82 cells was investigated as a model of the alveolar 

macrophage (Appendix D). TNF-α expression in Canine/FL/04-inoculated DH82 cells 

exposed to LPS or LTA 3 hours after inoculation revealed a response very different from 

that seen from alveolar macrophages. This model was not pursued further, and limited 

studies using alveolar macrophages were instead performed.  

Quantitative RT-PCR was used to determine levels of mRNA in Canine/FL/04-

inoculated alveolar macrophages exposed to LPS at 3 hours after virus inoculation. 

mRNA levels were measured at 0, 3, 6, 9, and 12 hours after virus inoculation. To 

assess TNF-α mRNA stability, actinomycin D was used to halt mRNA transcription in 

virus and mock-inoculated macrophages exposed to LPS at 3 hours after inoculation. 

Quantitative RT-PCR was used to assess mRNA stability at 30-minute intervals after 

actinomycin D administration. 
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Real-time RT-PCR.  

Methodology was as described in experiment 1.  Cells were virus- or mock 

inoculated, and exposed to LPS (1ng/ml) from 3 hours after inoculation. Negative 

controls were virus- and mock-inoculated cells not exposed to LPS. Total RNA was 

collected from the 4 groups of cells (from the same animal) at each time point. Results 

were expressed as a ratio to the TNF-α mRNA expression in mock-inoculated cells at 

each time point.  

Actinomycin D inhibition of mRNA synthesis 

To determine the stability of cytokine mRNA within the cell, transcription was 

halted with actinomycin D. LPS was added to virus- and mock-inoculated wells 3 hours 

after the inoculation period. Thirty minutes after addition of LPS, actinomycin D (Sigma 

Aldrich) solubilized in sterile DMSO was added to culture media at a concentration of 

5μg/ml media. Total RNA was harvested immediately as well as 30 minutes, 1 hour, 1.5 

hours and 2 hours after actinomycin D administration. mRNA quantitation was 

performed as described above.  
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Table 2-1.  Virus used for assays at time points after inoculation.  

Experiment 0 hrs 3 hrs 6 hrs 9 hrs 12 hrs 24 hrs 48 hrs 

Titer CIV CIV CIV - CIV CIV CIV 

H3 immuno-peroxidase 
staining. - - - - CIV - - 

Matrix real-time RT-PCR CIV 
EIV 

CIV 
EIV 

CIV 
EIV 

CIV 
EIV 

CIV 
EIV 

CIV 
EIV CIV 

Trypan blue exclusion assays CIV - CIV - CIV CIV - 

Annexin-V/Propidium iodide, 
caspase assay - - - - CIV - - 

For all experiments, mock-inoculated cells were also used as controls. CIV = Canine/FL/04, EIV 
= Equine/KY/91. 
 
Table 2-2.  Primer and probe sequences.  
Primer 
set 

Primer sequences (5`-3`) Probe sequence (5`-3`) 

Matrix  Fwd: TGATCTTCTTGAAAAATTTGCAG
Rev: CCGTAGCAGGCCCTCTTTTCA 

ATGCAGCGATTCAAGTGATCCTCTCGTT 

G3PDH113 Fwd: TCAACGGATTTGGCCGTATTGG 
Rev: TGAAGGGGTCATTGATGGCG 

CAGGGCTGCTTTTAACTCTGGCAAAGTGGA

TNF-α 48 Fwd: GAGCCGACGTGCCAATG 
Rev: CAACCCATCTGACGGCACTA 

CGTGGAGCTGACAGACAACCAGCTG 

IL-10113 Fwd: CGACCCAGACATCAAGAACC 
Rev: CACAGGGAAGAAATCGGT 

TCCCTGGGAGAGAAGCTCAAGACCC 
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CHAPTER 3 
CANINE INFLUENZA VIRUS REPLICATES IN ALVEOLAR MACROPHAGES AND 

INDUCES TNF-α 

Abstract 

Canine influenza virus (CIV) is a recently emergent pathogen of dogs that has 

caused highly contagious respiratory disease in racing greyhounds, pet dogs and 

shelter animals. Initial characterizations of CIV induced respiratory disease suggested 

alveolar macrophages may be susceptible to virus infection. To investigate the role of 

the alveolar macrophage in the pathogenesis of canine influenza virus infection, primary 

alveolar macrophages were inoculated with CIV and studied from 0 to 48 hours later. 

Virus titers in alveolar macrophage culture supernatants increased significantly (p<0.05, 

n=7) from 3 to 24 hours following virus inoculation. Virus matrix gene expression was 

significantly increased (p<0.05, n=14) at 3, 6 and 12 hours after inoculation, peaking at 

6445-fold the level of RNA detectable immediately following inoculation. Virus-

inoculated macrophages demonstrated significantly (p<0.05, n=5) decreased viability 

(30% trypan blue positive) by 12 hours after inoculation compared to mock-inoculated 

cells (5% trypan blue positive). By 12 hours after inoculation, TNF-α and IL-10 mRNA 

levels were significantly (p<0.05, n=11) increased over those immediately following 

inoculation. Only TNF-α protein levels were significantly increased (p<0.05, n=11) at 12 

hours after inoculation. In conclusion, the results indicate that CIV replicates in canine 

alveolar macrophages, induces TNF-α expression and induces cell death. 

Introduction 

Influenza A viruses are enveloped, segmented, single stranded, negative-sense 

RNA viruses belonging to the family Orthomyxoviridae.77 Canine influenza virus (CIV) 

was first isolated in 2004 during the investigation of an outbreak of respiratory disease 
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in greyhounds in Florida.32 CIV is an influenza A virus closely related genetically to 

contemporary H3N8 equine influenza viruses.32 Serologic evidence suggests the virus 

was present in the racing greyhound population as early as 2000.41 Since the discovery 

of CIV, serologic and virologic evidence indicates the virus has spread within the racing 

greyhound population, as well as in other non-racing dogs throughout the United 

States.41,112  

Clinical disease associated with CIV typically is observed within 5 days of infection 

and is characterized by anorexia, lethargy, fever and serous to purulent nasal discharge 

as well as by nonproductive cough that may persist for several weeks.41 A subset of 

infected dogs develop pneumonia which is complicated by secondary bacterial infection, 

and it is in these animals that mortality associated with CIV is most commonly seen.41 A 

more severe form of disease has been seen in a minority of infected racing greyhounds 

that die peracutely with severe hemorrhagic pneumonia characterized by extensive 

pulmonary, mediastinal and pleural hemorrhage.32 The disease is highly transmissible, 

with seroconversion rates of up to 95% in groups of exposed animals.32  

Histologic evaluation of naturally and experimentally infected animals revealed 

neutrophilic to lymphohistiocytic tracheitis and bronchitis, with necrosis and hyperplasia 

of surface and glandular epithelium. Bronchopneumonia, when it occurs, is typically 

neutrophilic to histiocytic, with interstitial edema and minimal to extensive 

hemorrhage.32,41,112 Immunohistochemical studies on infected animals revealed 

influenza antigen (H3) in the cytoplasm of bronchial surface and glandular epithelium, 

bronchiolar epithelium, and macrophages in airway lumens and alveolar spaces.32 
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Alveolar macrophages play an important role in the pathogenesis of influenza virus 

infection. Cytokines produced by macrophages in the lung are important in establishing 

an innate immune response, as well as in determining the magnitude of the 

inflammatory response to influenza infection. Tumor necrosis factor (TNF-α), an 

important pro-inflammatory cytokine produced by macrophages, is pivotal in the 

establishment of an acute inflammatory response through its actions of activating 

endothelium and leukocytes and induction of increased vascular permeability, which in 

the lung may lead to increased pulmonary recruitment of inflammatory cells as well as 

the development of pulmonary edema and hemorrhage.  Various influenza viruses have 

been shown to differentially induce the expression of TNF-α in macrophages.27,134 The 

degree to which specific influenza viruses induce TNF-α expression has been shown to 

be strain dependent and influenced by viral genes such as HA and NA.27,134 

IL-10 is a functionally complex cytokine with an important role in increasing 

susceptibility to bacterial pneumonia following influenza infection.158 IL-10 has been 

shown to impair host response to Streptococcus pneumoniae pneumonia in mice,156 as 

well as to have a role in the development of bacterial pneumonia concomitant with 

sepsis.146 The source of IL-10 in the pulmonary environment during and after influenza 

infection is currently poorly defined, but may be from both T-cells and/or macrophages. 

It is important to know if CIV induces IL-10 in macrophages since IL-10 may predispose 

virus infected dogs to develop secondary bacterial pneumonia.   

Influenza viruses induce cell death in macrophages through either apoptosis or 

necrosis, in a strain dependent manner.99,134 Several studies have shown that alveolar 

macrophages play a role in limiting disease severity following influenza virus 
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infection.71,154 Furthermore, loss of alveolar macrophage viability or function after 

influenza infection could potentially diminish innate immunity to bacterial challenge, and 

thus contribute to the development of secondary bacterial pneumonia.8,105,129 

The objectives of this study were to determine if canine alveolar macrophages 

support replication of canine influenza virus and, if so, to determine if virus replication 

induces high levels of pro-inflammatory cytokines such as TNF-α as well as 

macrophage death.  

Materials and Methods 

Alveolar Macrophage Isolation 

In preliminary studies, the suitability of dog macrophages from three sources for 

studies on canine influenza virus replication and cytokine expression was assessed: 1) 

Macrophages lavaged from lungs of laboratory-maintained beagle dogs; 2) 

Macrophages lavaged from euthanized (cadaver) dogs at a local community animal 

shelter; and 3) Macrophages derived in vitro from peripheral blood monocytes. Initial 

viral replication and TNF-α induction studies on lavaged macrophages from beagle dogs 

and cadaver dogs yielded comparable results.  However, only small numbers of 

macrophages were recoverable by pulmonary lavage from normal beagle dogs.  

Macrophages derived from peripheral blood monocytes had poor survival in culture 

using several culture methods,20,61,124 and only minimal TNF-α production in response to 

virus inoculation was found in blood-derived macrophages compared to primary alveolar 

macrophages.  All subsequent studies were performed on macrophages lavaged from 

mixed breed, male and female dogs from a local shelter within 30 minutes to 90 minutes 

following euthanasia with sodium pentobarbital.  Dogs were excluded from the study if 

they had any of the following abnormalities:  1) gross evidence of pneumonia or 
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pulmonary hemorrhage; 2) greater than 10% neutrophils in their pulmonary lavage fluid; 

or 3) positive culture of lavage fluid for mycoplasma (on SP-4 agar) or greater than 5 

bacterial colonies on sheep blood agar (SBA).  Approximately two thirds of the total 

dogs studied were positive for Dirofilaria immitis infestation based upon antemortem 

serologic testing and upon identification of adult nematodes in the heart at necropsy.  

Alveolar macrophage isolation methods via pulmonary lavage were adapted from 

previously published reports.61,135,139 The trachea was dissected and isolated in the mid-

cervical region, and an incision made through which lavage tubing was passed to the 

level of the thoracic inlet. String was used to create a seal between the trachea and 

tubing, and 700-1000ml of cold Dulbecco’s phosphate buffered saline (D-PBS) was 

introduced through the tubing and into the lungs under approximately 25 cm H2O 

pressure. Fluid was drained from the lung into a sterile flask, and a second similar wash 

was performed. Lavage fluid was cultured for bacteria and mycoplasma on sheep blood 

agar (SBA) and SP-4 agar respectively, at 37°C in 5% CO2. Tryptic soy broth was also 

inoculated with 0.1-0.2ml lavage fluid and similarly cultured to screen for trace bacterial 

contamination. SBA plates and tryptic soy broth were read at 24-48 hours after 

inoculation. SP-4 plates were read at 5 days after inoculation. Washings were filtered 

through a single layer of sterile gauze, and centrifuged for 10 minutes at 4°C, 500xg. 

Supernatants were removed, and the cell pellets resuspended in a small amount of D-

PBS and transferred to 50ml conical centrifuge tubes. Tubes were filled to the 50ml 

mark with D-PBS, and then centrifuged for 5 minutes at 4°C, 500xg. Cell pellets were 

again resuspended in 50ml sterile D-PBS and centrifuged. The resulting cell pellet was 

resuspended in 10ml of cold MEMα (Gibco, Grand Island, NY) supplemented with 10% 
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fetal bovine serum (Sigma-Aldrich, St. Louis, MO), 100 IU/ml penicillin, 100 μg/ml 

streptomycin and 0.25 μg/ml actinomycin (Sigma-Aldrich, St. Louis, MO). 0.1 ml of cell 

suspension was diluted 1:100 and 1:1000 for nucleated cell counts (using a 

hemacytometer) and for manual cell differential counts (cytospin preparations, Wright-

Giemsa staining), respectively.  

Macrophages were purified by adhesion. The cell suspension was divided 

between two 150cm2 tissue culture flasks (Corning, Lowell, MA), and diluted to 25ml 

(per flask) with supplemented MEMα medium. Cells were incubated for 2-4 hours at 

37°C in 5% CO2. The flasks were gently rocked at hourly intervals during incubation. 

Non-adherent cells were then gently resuspended by rocking the flasks, and the 

suspension was removed leaving adherent cells. 15ml of warm supplemented MEMα 

medium was added, and incubated overnight at 37°C in 5% CO2. The following day, the 

cells were washed 3-4 times with 5-10ml warm MEMα to remove any loosely adherent 

or non-adherent cells. Adherent cells were eluted from the tissue culture flasks by first 

washing once with warm D-PBS, followed by two 1-3 minute incubations with 37°C 10x 

Trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO) diluted 1:10 in D-PBS, with gentle 

agitation of the flasks. The trypsinized cells were collected into equal volumes of 

supplemented MEMα medium. The resulting cell suspension was centrifuged for 5 

minutes at 4°C, 500xg, and the cell pellet was resuspended in cold medium and placed 

on ice until further processing. 0.1ml of the cell suspension was diluted 1:10 and 1:100 

for trypan blue exclusion assay (for cell viability), cell counting, and differential counts. 

The cell suspension was then seeded into 24-well plates at a concentration of 5x105 
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viable macrophages per well, and incubated overnight at 37°C in 5% CO2, prior to viral 

inoculation studies.  

Macrophage purity was assessed by cytology after Wright-Giemsa staining in each 

experiment and agreed well with immunocytochemical staining for CD68 (Biocare, 

Concord, CA).  Macrophage purity was typically >85%, with remaining cells consisting 

almost entirely of small mononuclear cells consistent with either immature macrophages 

/ monocytes or lymphocytes.  

Virus and Virus Titers. 

Virus used in all studies was a second or third passage influenza A/Canine/FL/04 

virus, propagated in MDCK cells from a stock kindly provided by Dr Ed Dubovi (Cornell 

University). Infectivity of stock and supernatant in macrophage cultures was assessed 

by plaque assay, adapted from previous reports57,131 as cytopathic effect on confluent 

cultures of MDCK cells with a 0.5% agarose overlay. 

Macrophage Inoculation 

Alveolar macrophages were inoculated with virus diluted in 1ml cold MEMα at a 

multiplicity of infection (MOI) of 2 unless otherwise noted. Cells were incubated with 

virus for 1 hour at 37°C in 5% CO2. Mock inoculated cells were incubated with MDCK 

cell lysate prepared as per virus stock without seed virus added. The MDCK lysate was 

diluted identically to the virus inoculum in cold MEMα. At the end of the 1 hour 

inoculation period, the inoculum was removed and replaced with 1ml warm 

supplemented MEMα. The time point referred to as 0 hour in all graphs is thus 1 hour 

after virus or mock inoculation.  

In a second set of experiments to determine whether there was persistence of 

virus inoculum that was being detected at the 3 hour time point, macrophages were 
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inoculated at MOI of 0.1 and 0.01.  For the MOI of 0.1 experiment, two wells, in 

separate 24-well plates, were seeded with 2x106 macrophages. Prior to inoculation, 

culture medium was removed from one of the wells and the cells were frozen at -80°C 

for 30 minutes. Each of the wells were inoculated with 2x105 PFU of 3rd passage 

Influenza A/Canine/FL/04 (MOI = 0.1) suspended in 0.5ml MEMα, and incubated at 

37°C for 1 hour. The inoculum was removed and placed in a centrifuge tube. The wells 

were washed once with 2ml of warm MEMα. The wash was collected and added to the 

centrifuge tube containing the inoculum. Half a milliliter of warm fresh supplemented 

medium was added to the wells. The combined wash and inoculum was centrifuged for 

5 minutes at 500xg to collect any suspended macrophages. The cell pellet was 

resuspended in 5ml of warm MEMα, and centrifuged for 5 minutes. The resulting cell 

pellet was then resuspended in 0.5ml warm supplemented medium, and returned to the 

well from which it originated.  At 3, 12 and 24 hours after the inoculation period, 0.5ml of 

culture medium was collected and stored at -70°C, and 0.5ml of warm fresh 

supplemented medium was replaced into wells. Titers were measured by standard 

infectious plaque assay.  A third well was tested at MOI of 0.01 in a similar manner 

except the well with viable macrophages was inoculated with  2x104 PFU of canine 

influenza virus. 

Real-Time RT-PCR 

Total RNA was isolated from inoculated and mock inoculated macrophages at the 

specified time points using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). 

Supernatants were removed from macrophage cultures, centrifuged at 10,000 rpm for 5 

minutes, and cell pellet collected. Lysate buffer was added to adherent cells in wells, 

and then transferred to cell pellet from the supernatant. Lysates were stored at -70°C 
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until processed further as per manufacturer’s instructions. Total RNA was measured by 

optical density at 260nm. cDNA was synthesized using the Advantage RT for PCR kit 

(Clontech, Mountain View, CA). Viral gene, G3PDH and cytokine mRNA was quantified 

by real-time PCR using the DNA engine Opticon II system (MJ Research/Bio-Rad 

Laboratories, Hercules, CA) at conditions of 95°C for 10 min, and 95°C for 15 s, 60°C 

for 1 min (40 cycles). Primer and probe sequences for canine G3PDH, TNF-α and IL-10 

were obtained from the literature, and are listed in Table 3-1. Virus matrix gene primer 

sequences were kindly provided by R. Donis (Centers for Disease Control, Atlanta, GA). 

Virus probe sequences were generated using Primer Express Software for Real-Time 

PCR®, version 3.0 (Applied Biosystems, Foster City, CA) from the NCBI influenza virus 

resource. Viral matrix gene and cytokine mRNA levels were normalized to G3PDH 

mRNA expression. As a positive control for cytokine expression, alveolar macrophages 

were incubated with lipopolysaccharide (LPS) at concentrations ranging from 1-1000 

ng/ml culture supernatant (n=7). Maximal TNF-α mRNA expression occurred at 6 hours 

after inoculation, averaging 32-fold the level of expression in mock-inoculated 

macrophages. Maximal IL-10 mRNA expression also occurred at 6 hours after 

inoculation, averaging 5-fold the level of expression in mock-inoculated cells. As a 

negative control, alveolar macrophages were incubated with UV-inactivated virus (n=3). 

At 12 hours after inoculation, macrophages incubated with inactivated virus averaged 

1.2-fold the level of TNF-α expression, and 0.9-fold the level of IL-10 expression in 

mock-inoculated cells. 

Cytokine Protein Quantification 

Canine TNF-α and IL-10 were quantified by ELISA (R&D Systems, Minneapolis, 

MN). Supernatants were collected from macrophage cultures at the specified times after 



 

55 

the inoculation period, and stored at -70°C until further processing as per the 

manufacturers instructions. As a positive control, alveolar macrophages were incubated 

with LPS at concentrations ranging from 1-1000ng/ml (n=7).  Average TNF-α protein 

levels peaked at 368 pg/ml supernatant by 6 hours after LPS exposure. Average IL-10 

protein levels peaked at 226 pg/ml supernatant by 12 hours after LPS exposure.  

Macrophage Viability 

To assess virus effects on viability, alveolar macrophages were inoculated as 

described above, and cultured in 0.5ml supplemented MEMα medium. At the specified 

time, the culture medium was collected. To remove adherent macrophages, 0.5ml of 1x 

Trypsin/EDTA was added to the well, and repeatedly resuspended over the cells. The 

resulting cell suspension was added to the medium, and cell counts and trypan blue 

exclusion assay were performed using a hemocytometer.  

H3 Antigen Staining in Alveolar Macrophages 

Alveolar macrophages were inoculated with virus or mock inoculated at an MOI of 

4 in order to assure that a large number of macrophages being sampled would be 

successfully infected. The efficiency of infection was uncertain.  Cells were incubated 

with inoculum for 1 hour. The inoculum was removed and replaced with fresh 

supplemented MEMα, and further incubated at 37°C in 5% CO2 for 12 hours. The 

medium was collected, and adherent cells were trypsinized and added to the collected 

medium. Cytospin preparations were then made on glass slides, and the slides were 

fixed in 10% neutral buffered formalin for 1 hour. Air dried slides were stained for H3 

influenza A antigen using a H3 mouse anti-influenza A monoclonal antibody (Chemicon-

Millipore, Temecula, CA). Bound antibody was detected using a STAT-Q 3-step 
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peroxidase staining system (Innovex Biosciencs, Richmond, CA), and slides were 

counter stained with hematoxylin. 

Results 

Virus Replication 

Culture supernatants from 7 experiments were titrated by plaque assay for 

infectious virus. Average virus titer in culture supernatant from 7 experiments increased 

15-fold by 24 hours after the 1-hour inoculation period (time 0 on all graphs), and 

thereafter declined (Fig. 3-1). The 3, 6, 12 and 24-hour titers were significantly (p<0.05) 

increased over the average titer immediately after inoculation. By comparison, titers 

from virus incubated with freeze-thaw killed macrophages rapidly declined to 

undetectable levels by 6 hours. 

Because increased titers of virus were noted in wells with virus-inoculated viable 

cells as early as 3 hours, it was possible the virus initially bound to viable cells and then 

was subsequently released into culture medium at early time points. Additional studies 

at multiplicities of infection of 0.1 and 0.01 were performed (Fig. 3-2).  Productive virus 

replication was not detectable at MOI of 0.01.  Data at MOI of 0.1 are consistent with 

there being initial binding of inoculum virus to viable cells and subsequent release of 

virus into medium at 3 hours.  Free virus appears to degrade rapidly under the culture 

conditions without viable cells.  Inoculated virus binding and then release into medium 

cannot account for the steady-state level of virus assayed at 12 and 24 hours after 

inoculation. 

Virus matrix gene expression detected in cell lysates significantly increased 

beyond that immediately after inoculation at the 3, 6 and 12 hour time points (Fig. 3-3. 

p<0.05). Matrix gene expression was maximal at 6 hours after inoculation, averaging 
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6445-fold the matrix gene RNA level immediately after the inoculation period.   Matrix 

gene expression was not detectable in mock inoculated cells. 

Influenza A H3 antigen was evident using immunocytochemistry in virus inoculated 

cells. Approximately 70% of macrophages inoculated with virus (MOI = 4) showed 

diffuse or peripheral cytoplasmic staining for H3 antigen (Fig. 3-4) at 12 hours after 

inoculation. Mock inoculated cells uniformly stained negatively for H3 antigen at 12 

hours.   

Loss of Macrophage Viability 

Virus inoculation resulted in decreased macrophage viability by 12 hours after 

inoculation as measured by trypan blue exclusion assay (Fig. 3-5, p<0.05). Mock-

inoculated cells averaged greater than 95% trypan blue negative at all time points, 

whereas virus inoculated cells averaged less than 70% trypan blue negative from 12 

hours after inoculation onwards. Cell counts of trypan blue negative cells were 

significantly less (p<0.05) in virus-inoculated cells compared with mock-inoculated cells 

at 24 hours after inoculation.   Viable cell counts from virus inoculated wells averaged 

135,475 cells (27% of the original macrophages seeded into wells) compared to 

295,708 cells (59%) in mock inoculated wells.  

Cytokine Production 

TNF-α mRNA levels in virus-inoculated cells were significantly increased at 12 

hours after inoculation, averaging 28-fold higher than mock-inoculated cells (Fig. 3-6. 

p<0.05). TNF-α protein concentrations in supernatants from virus-inoculated cells 

differed significantly from mock-inoculated cells at 12 hours after inoculation, averaging 

154 pg/ml supernatant compared to 4 pg/ml supernatant for mock inoculated cells at the 

same time point (Fig. 3-7. p<0.05).  By comparison, IL-10 mRNA levels were marginally 
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but significantly increased at both 6 and 12 hours after inoculation (p<0.05) peaking at 

1.7-fold the level in mock-inoculated cells by 6 hours after inoculation (Fig. 3-8). IL-10 

protein levels in virus-inoculated supernatants did not increase significantly above 

mock-inoculated levels at corresponding time points (Fig. 3-9). 

Discussion 

Canine influenza virus is an important emerging pathogen of dogs that causes 

highly transmissible respiratory disease. Investigations into the initial outbreaks of 

disease associated with CIV showed that alveolar macrophages were positive for 

influenza virus antigen by immunohistochemistry. However, it was unclear whether the 

cytoplasmic antigen was secondary to phagocytosis of debris from other infected cells 

or associated with active replication of the virus in macrophages.32 Studies using other 

influenza viruses, including H5N1 viruses, have shown that infection of macrophages 

with influenza viruses may lead to excessive cytokine production.27 It has been 

postulated that this cytokine induction, particularly of TNF-α, may play an important role 

in the severity of disease in human H5N1 influenza virus infection.27,79 Results from this 

study are consistent with the conclusion that canine alveolar macrophages support both 

virus RNA synthesis and production of viral protein and infectious viral particles at a low 

level. Macrophages also respond to virus infection with TNF-α production. 

The level of productive viral replication by canine influenza virus in macrophages 

appears to be very low since the viral growth curve shown in Figure 3-1 remains flat out 

to 12 or 24 hours after inoculation. The virus rapidly degrades in media without viable 

cells present. If there were not synthesis and release of at least small numbers of new 

infectious virus particles into the medium, the slope of the virus curve in Figure 3-1 
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would be expected to point downward from 6 to 24 hours after inoculation. While the 

combination of data of diffuse viral hemagglutinin protein staining in macrophage 

cytoplasm, matrix gene expression in macrophages and prolonged release of infectious 

particles in macrophage culture medium support the conclusion that canine influenza 

virus replicates in canine alveolar macrophages, the level of productive virus replication 

remains undefined. 

Influenza virus has been shown to infect monocytes or macrophages in a variety 

of species, including mice, swine and humans.62,88,126-128,134 Viral infection of 

macrophages in vitro may be abortive or productive, and when productive usually only 

results in small numbers of infectious virions.16,102,127,134 Canine influenza virus 

replication kinetics were comparable to those from experiments in mice macrophage 

cell lines,16,102 where maximal virus production occurred at approximately 24 hours after 

inoculation. In dog macrophages, production of virus RNA was intercurrent with cytokine 

mRNA and protein production. 

Canine influenza virus infection resulted in increased death of isolated pulmonary 

macrophages over 12 to 24 hours after inoculation as indicted by the trypan blue 

staining and viable cell counts. The studies in this report provide no insight into the 

question of whether virus-induced cell death resulted from apoptosis or necrosis. 

However, several studies indicate that influenza A virus induces apoptosis in monocytes 

or macrophages from humans and mice.46,87 A study in swine could not demonstrate 

apoptotic processes in influenza-associated cell death of macrophages.134 Recently, a 

novel viral protein, PB1-F2, has been shown to be instrumental in the induction of 

apoptosis in cells of the monocytic lineage, including human monocytes.25 Not all 
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influenza viruses harbor intact PB1-F2 proteins, and the presence of the protein is now 

considered to be a virulence determinant of some strains of influenza viruses.30 CIV is 

thought to contain an intact PB1-F2 protein. However the PB1 gene belongs to a novel 

phylogenetic clade which may influence the function of PB1-F2 protein.170 Further 

investigations into the role of CIV PB1-F2 protein in alveolar macrophage apoptosis are 

required.  Macrophage death induced by CIV could contribute to depression of 

pulmonary bacterial defense mechanisms and increase susceptibility to bacterial 

infection.  However, the level of virus-induced macrophage death could be offset by 

increased recruitment of monocytes into the lung with differentiation to functional 

macrophages during the pulmonary inflammatory response to virus.  

Canine influenza virus induced differential expression of TNF-α and IL-10 in 

alveolar macrophages. TNF-α was strongly induced with 28-fold increases in mRNA 

associated with 39-fold increases in released protein.   In contrast, there was only a 1.7-

fold increase in IL-10 mRNA following virus inoculation, and protein levels increased 4 

fold from control levels. 

Influenza virus can induce TNF-α expression through several transcription factor-

mediated mechanisms69 including activation of nuclear factor kappa B (NF-κB), 

activating protein (AP)-1, and signal transducers and activators of transcription (STATs), 

although NF-κB is recognized as one of the most important mechanisms in 

macrophages. Influenza A viruses differ in their capacity to induce TNF-α in 

macrophages. Hyperinduction of TNF expression in human macrophages following 

H5N1 influenza virus infection has been shown to be p38 mitogen-activated protein 

(MAP) kinase dependent.79 Hyperinduction of pulmonary TNF-α can contribute to 
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disease pathogenesis through at least several mechanisms27,59,101 acting in the local 

tissue environment on endothelial cells, epithelial cells and leukocytes to induce 

increased vascular permeability, edema and hemorrhage as well as to induce increased 

leukocyte-mediated tissue injury and secondary waves of cytokine release that can 

have massive systemic effects. 

There was considerable variation in influenza virus-induced TNF-α expression in 

alveolar macrophages that were recovered from cadaver dogs. Mean levels of TNF-α 

mRNA expressed by CIV-infected macrophages were in a similar range to those seen 

with macrophages exposed to 1-1000 ng/ml lipopolysaccharide used as a positive 

control (see methods section). Both antemortem disease and husbandry events as well 

as postmortem handling of the dogs used in this study undoubtedly induced variability 

into macrophage function assays. Nevertheless, dog-to-dog variability in the assays for 

TNF-α probably reflect, at least in part, genetically-controlled variations in TNF-α 

response among dogs. Humans have considerable variation in TNF-α transcriptional 

response that is under control of TNF-α promoter polymorphisms, and variations in 

TNF-α expression have been linked to disease susceptibility and severity.2 Although it 

was highly desirable to get a uniform population of primary dog alveolar macrophages 

for these studies, logistical problems in obtaining large enough numbers of cells for the 

studies from laboratory housed dogs required the use of macrophages recovered from 

cadavers. Studies focused on differences in macrophage TNF-α production among dog 

breeds could provide important information relevant to genetically determined disease 

susceptibility. These studies could be particularly insightful if focused on greyhound 
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dogs that are highly susceptible to fatal disease associated with canine influenza virus 

infection.32   

IL-10 responses to canine influenza virus infection were considerably lower than 

those found for TNF-α. IL-10 is produced by regulatory T-cells, macrophages, dendritic 

cells and other myeloid and lymphoid cells, and it plays an important immunoregulatory 

role in host response to infectious agents.31 Stimulators of IL-10 in macrophages include 

LPS and CpG from bacteria, many protozoa and fungi. These stimuli act through 

activation of toll-like receptor (TLR)-2 and TLR-4 mechanisms, Fc receptor ligation by 

immune complexes, and CD40 ligation.24,31 Increased IL-10 expression in the lung 

following influenza infection may be more the result of production by T-cells than by 

macrophages.31,158 The small increase in IL-10 produced by dog macrophages 

inoculated with canine influenza virus could be a secondary effect of virus-induced type 

I interferon, rather than a direct effect of virus.24 CIV infection studies in 

immunocompetent dogs would be required to critically assess the roll of IL-10 from both 

T-cells and macrophages in pulmonary pathogenesis and impaired host response to 

bacteria.156 

In conclusion, the data from this study indicate that canine influenza virus can 

replicate in canine alveolar macrophages and induce TNF-α production that may be 

important in respiratory disease pathogenesis. IL-10 is stimulated to a lesser extent, and 

virus inoculation results in a decrease in macrophage viability. 
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Table 3-1.  Primer and probe sequences. 
Primer 
set 

Primer sequences (5`-3`) Probe sequence (5`-3`) 

Matrix 
gene 

Fwd: TGATCTTCTTGAAAAATTTGCAG 
Rev: CCGTAGCAGGCCCTCTTTTCA 

ATGCAGCGATTCAAGTGATCCTCTCGTT 

G3PDH113 Fwd: TCAACGGATTTGGCCGTATTGG 
Rev: TGAAGGGGTCATTGATGGCG 

CAGGGCTGCTTTTAACTCTGGCAAAGTGGA

TNF-α 48 Fwd: GAGCCGACGTGCCAATG 
Rev: CAACCCATCTGACGGCACTA 

CGTGGAGCTGACAGACAACCAGCTG 

IL-10113 Fwd: CGACCCAGACATCAAGAACC 
Rev: CACAGGGAAGAAATCGGT 

TCCCTGGGAGAGAAGCTCAAGACCC 
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Figure 3-1.  Infectious virus titers in alveolar macrophage culture supernatant. 

Supernatant from alveolar macrophage cultures inoculated with canine 
influenza virus was titrated by plaque assay at the times indicated after the 
inoculation period. PFU = plaque forming units, n=7 for 0 to 12 hours after 
inoculation, n=5 for 24 and 48 hours after inoculation. * = significantly different 
to 0 hour titer, p<0.05, ANOVA, Student-Newman-Keuls method of pairwise 
multiple comparisons. Virus titer following inoculation of freeze-thaw killed 
macrophages was undetectable at 6 hours after inoculation.  

 

 
Figure 3-2.  Infectious virus titers in viable and freeze-thaw killed alveolar macrophage 

culture supernatant. Supernatant from 2x106 alveolar macrophage cultures 
inoculated with CIV at a MOI of 0.1 and 0.01 was titrated by plaque assay at 
the times indicated after the inoculation period. PFU = plaque forming units. 
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Figure 3-3.  Virus matrix gene expression in alveolar macrophages. Viral matrix RNA 

levels as determined by real-time RT-PCR are expressed as fold-increase 
over the levels present immediately after the inoculation period. n=14 for 0 
and 12 hours, n=12 for 6 hours, n=11 for 3 hours, n=8 for 24 hours, n=6 for 
48 hours. * = significantly different from 0 hour expression, p<0.05, Kruskal-
Wallis one way ANOVA, Dunn’s Method of pairwise multiple comparisons.  

 

 
Figure 3-4.  Canine alveolar macrophages. Cultured alveolar macrophages are 

immunocytochemically positive (brown) for H3 hemagglutinin protein. 
Immunoperoxidase with hematoxylin counterstain.  
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Figure 3-5.  Trypan blue exclusion assay on virus- and mock-inoculated alveolar 

macrophages. Results are expressed as percentage trypan blue negative, an 
indicator of cell viability. Cells were inoculated at a multiplicity of 2. n=4 for 6 
hour time point, n=5 for 0, 12 and 24 hour time points. * = significantly 
different from corresponding mock-inoculated time point, p<0.05, Kruskal-
Wallis One-way ANOVA on ranks, Dunn’s method of pairwise multiple 
comparisons, arcsine square root transformed data.  

 

 
Figure 3-6.  TNF-α mRNA in virus-inoculated alveolar macrophages. Results are 

expressed as a ratio to TNF-α mRNA levels in mock-inoculated cells at each 
time point. TNF-α mRNA levels were normalized to G3PDH mRNA 
expression. n=11 for 0 and 12 hour time points, n=9 for 6 hour time point. * = 
significantly different from ratio immediately after the inoculation period, 
p<0.05, Kruskal-Wallis One-way ANOVA on ranks, Dunn’s method of pairwise 
multiple comparisons. 
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Figure 3-7.  TNF-α protein concentration in alveolar macrophage culture supernatant. 

Concentration of TNF-α protein, as determined by ELISA, is expressed as 
pg/ml of culture supernatant. n=11 for 0 and 12 hour time points, n=9 for 6 
hour time point. * = significantly different from mock-inoculated cells at the 
same time point, p<0.05, Kruskal-Wallis One-way ANOVA on ranks, Dunn’s 
method of pairwise multiple comparisons. 

 

 
Figure 3-8.  IL-10 mRNA in virus-inoculated alveolar macrophages. Results are 

expressed as a ratio to IL-10 mRNA levels in mock-inoculated cells at each 
time point. IL-10 mRNA levels were normalized to G3PDH mRNA expression. 
n=11 for 0 and 12 hour time points, n=9 for 6 hour time point. * = significantly 
different from ratio immediately after the inoculation period, p<0.05, One-way 
ANOVA, Dunn’s Student-Newman-Keuls method of pairwise multiple 
comparisons. 
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Figure 3-9.  IL-10 protein concentration in alveolar macrophage culture supernatant. 

Concentration of IL-10 protein, as determined by ELISA, is expressed as 
pg/ml of culture supernatant. n=11 for 0 and 12 hour time points, n=9 for 6 
hour time point. There are no significant differences among data from virus- 
and mock-inoculated macrophages at each of the time points. The 12 hour 
value for virus inoculated cells differed significantly from the virus- and mock-
inoculated 0 hour values (p<0.05), Kruskal-Wallis One Way ANOVA on ranks, 
Dunn’s method of multiple comparisons. 
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CHAPTER 4 
CANINE H3N8 INFLUENZA VIRUS AUGMENTS ALVEOLAR MACROPHAGE TNF-α 

RESPONSE TO LIPOPOLYSACCHARIDE 

Abstract 

 Previous research has shown that H3N8 canine influenza virus (CIV) can infect 

canine alveolar macrophages and that it induces TNF-α production.  Because bacterial 

infection is a common complication of influenza virus infection in dogs and because 

studies in mice have shown that influenza virus infected macrophages produced 

significantly augmented levels of TNF-α when subsequently exposed to 

lipopolysaccharide (LPS), canine alveolar macrophages were tested for their TNF-α 

response to LPS after infection with CIV.  Macrophages exposed to LPS 3 hours after 

CIV inoculation produced 3.8-fold higher concentrations of TNF-α protein (p< 0.05) than 

mock-inoculated macrophages exposed to LPS alone.  Other bacterial toll-like receptor 

agonists were tested in a similar manner.  Lipoteichoic acid (LTA) stimulation 3 hours 

after CIV-inoculation of macrophages induced mildly higher (1.9-fold, p<0.05) TNF-α 

protein production compared to that following LTA stimulation of mock-inoculated 

macrophages.  Prior CIV inoculation did not significantly increase TNF-α protein release 

in response to either flagellin or unmethylated CpG DNA.  The marked effect of CIV 

infection on LPS-stimulated TNF-α protein release from macrophages was associated 

with over a 13-fold increase (p < 0.05) in TNF-α mRNA above levels stimulated by LPS 

in mock-inoculated macrophages at 7.5 hours after virus inoculation.  Studies with 

actinomycin D to block transcription suggested that the increase in TNF-α mRNA 

resulting from sequential CIV inoculation and LPS stimulation could not be explained 

solely by virus-induced inhibition of mRNA degradation. In conclusion, the results 
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indicate that CIV infection augments the TNF-α protein response of alveolar 

macrophages to LPS at least in part by increasing TNF-α mRNA levels. 

Introduction 

Canine influenza virus (CIV) is an H3N8 influenza A virus that was first identified in 

2004 as the cause of an outbreak of severe respiratory disease in racing greyhounds in 

Florida.32 Characterization of the virus revealed a close phylogenetic relationship to 

contemporaneous equine H3N8 influenza viruses. Since its discovery, serologic and 

virologic evidence indicates the virus has spread within racing greyhounds and the non-

racing dog population throughout much of the United States.41  

In naturally infected dogs, CIV most commonly causes self-limiting disease 

characterized by fever, anorexia, lethargy, serous to purulent nasal discharge and a 

persistent nonproductive cough.41,112 In greyhounds, CIV also causes a severe 

hemorrhagic pneumonia and peracute death in low numbers of infected dogs.32 

Regardless of breed, death associated with CIV infection occurs in the minority of cases 

and is usually associated with pneumonia complicated by secondary bacterial 

infection.41,168  

Bacterial pneumonia is a common complication of influenza virus infection in most 

mammals.18,75,85,159 Secondary bacterial pneumonia has been the most important 

contributor to mortality in influenza pandemics including that seen with the 1918-1919 

“Spanish flu” H1N1 human virus.94,100 Proposed mechanisms by which influenza viruses 

predispose to bacterial pneumonia include destruction of respiratory epithelium with 

increased bacterial adherence to exposed connective tissue and basal or regenerating 

epithelium, altered mucociliary clearance, neuraminidase-mediated exposure of 
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molecules for bacterial adherence, altered leukocyte function, suppressive effects of the 

adaptive immune response, and induction of macrophage 

apoptosis.7,30,105,116,120,122,129,148,158  

Alveolar macrophages play an important role in the pathogenesis of influenza virus 

infection. Highly pathogenic influenza viruses have been shown to induce excessive 

accumulation of macrophages in the lung, and this has been linked to decreased 

survival.89,117 In contrast, alveolar macrophages are also important for controlling 

influenza infection, highlighting the importance of a measured macrophage response to 

infection.71 Excessive production of proinflammatory cytokines such as TNF-α and other 

inflammatory mediators by pulmonary macrophages in response to influenza virus have 

been proposed as mechanisms for the enhanced pathogenicity of some strains of 

influenza virus.27,81 Exposure of influenza-infected macrophages to the bacterial product 

and Toll-like receptor (TLR) agonist lipopolysaccharide (LPS) has been shown to 

augment the production of TNF-α above that seen with virus or LPS alone.82 In this 

way, the synergistic effect of influenza and bacterial products may act to produce an 

exaggerated inflammatory response that worsens the severity of bacterial pneumonia 

seen secondary to influenza infection. It is not known if bacterial TLR agonists other 

than LPS augment TNF-α production in influenza-infected macrophages.  

 Previously, we have shown that CIV replicates in primary canine alveolar 

macrophages, and induces TNF-α expression.123 The objectives of this study were to 

determine if prior infection of alveolar macrophages with CIV augments TNF-α 

production in response to the bacterial TLR agonists LPS, lipoteichoic acid (LTA), 
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flagellin, and unmethylated CpG DNA, and if so, to investigate the molecular 

mechanisms leading to augmented TNF-α production.  

Methods 

Macrophage Isolation and Culture 

Macrophages were isolated as described previously.123 Briefly, euthanized 

(cadaver) male and female mixed-breed dogs from a local community animal shelter 

were used as the source of alveolar macrophages. Many of the dogs were positive for 

Dirofilaria immitis infestation as determined by antemortem serologic testing and 

identification of adult nematodes in the heart at necropsy. Only dogs over 25 kilograms 

and with grossly normal lungs were used for alveolar macrophage isolation.  

Alveolar macrophages were isolated by lung lavage. The trachea was isolated by 

dissection and incised just anterior to the thoracic inlet. Tubing was introduced and tied 

in place. The lungs were washed twice with 700-1000ml of sterile PBS per wash, and 

drained into a sterile collection flask. A small aliquot of the wash was processed for cell 

differential count (cytospin preparation, Wright-Giemsa stain), and cultured on sheep 

blood agar and SP-4 agar to detect bacterial and mycoplasmal contamination.  Washes 

with positive culture or neutrophil counts greater than 10% were not used. Washings 

were filtered through sterile gauze, and centrifuged for 10 minutes at 500xg and 4°C. 

Supernatant was discarded, and the cell pellet washed twice in cold PBS. Cells were 

then suspended in cold Minimum Essential Medium Alpha Medium (MEMα, Gibco, 

Grand Island, NY) supplemented with 10% FBS and 1% Antibiotic-Antimycotic (Sigma 

Aldrich, St. Louis, MO) and incubated at 37°C and 5% CO2 for 2-4 hours in two 150cm2 

culture flasks (Corning, Lowell NY). Non-adherent cells were removed by gently 
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washing 1-3 times with warm MEMα. The remaining adherent cells were incubated for a 

further 12-24 hours at 37°C and 5% CO2 in supplemented MEMα.   

After overnight incubation, adherent cells were gently washed 3 times with warm 

MEMα. To remove adherent cells, 5ml of warm PBS was first added to each flask. The 

flasks were gently agitated, and the PBS was transferred to a collection centrifuge tube 

containing supplemented MEMα placed on ice. Warm 1xTrypsin/EDTA (Sigma Aldrich) 

was then added to each flask, and incubated at 37°C for 3 minutes with occasional 

gentle agitation. The trypsin/EDTA was repeatedly resuspended over the cells by 

pipetting, collected into the centrifuge tube and a second incubation with trypsin/EDTA 

was performed. Any remaining adherent cells were removed with a cell scraper, 

collected with a small volume of supplemented MEMα, and added to the collection 

centrifuge tube. The resulting cell suspension was then centrifuged for 5 minutes at 

500xg and 4°C.  The supernatant was removed and discarded and the resulting cell 

pellet was resuspended in cold supplemented MEMα and placed on ice.  

Cell counts, cell differentials and trypan blue exclusion assays were performed on 

the resulting cell suspension to determine the concentration of viable macrophages. 

Macrophage purity greater than 90% was typical with remaining cells resembling small 

mononuclear cells typical of lymphocytes. Macrophages were then placed into 24-well 

tissue culture plates at a concentration of 500,000 per well, and cultured overnight at 

37°C and 5% CO2.  

Virus and Mock Inocula 

The canine influenza virus (CIV), Influenza A/Canine/FL/04, was kindly provided 

by Dr Ed Dubovi (Cornell University, Ithaca, NY), and passaged three times in MDCK 
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cells prior to use to achieve suitable titers for these experiments. Infectivity of stock 

virus was assessed by plaque assay, adapted from previous reports57,131 as cytopathic 

effect on confluent cultures of MDCK cells with a 0.5% agarose overlay.  Mock inocula 

comprised a lysate of MDCK cells prepared as per virus stock without seed virus added. 

For experimental use, the virus stock was diluted to a concentration of 2x106 plaque 

forming units per milliliter in cold MEMα. The mock inoculum was diluted in cold MEMα 

to the same extent as the virus.  

Macrophage Inoculation 

Purified macrophages were seeded into 24-well plates at a concentration of 5x105 

per well and incubated overnight at 37°C and 5% CO2. The following day, media was 

removed from the wells, and groups of wells were inoculated at a MOI of 2 with CIV or 

mock inoculum. The cells were incubated with the inoculum for 1 hour at 37°C and 5% 

CO2. In all experiments, the point immediately after the 1 hour incubation period is 

referred to as the ‘0 hour’ time point. The inocula were removed at the end of the 

incubation period, and 1ml of fresh warm supplemented MEMα was added to each well. 

For each replicate in all experiments, macrophages from the same animal were used in 

both virus- and mock-inoculated groups.  

Lipopolysaccharide experiments: LPS from Salmonella enterica serotype 

typhimurium (Sigma Aldrich, L6143) was used for all experiments. An initial study was 

performed to determine the responsiveness of alveolar macrophages to different 

concentrations of LPS (Fig. 4-1). In these experiments, alveolar macrophages were 

exposed to 1-1000ng LPS per milliliter culture media immediately after the incubation 

period. Because these experiments required harvesting total RNA, 1 well of 
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macrophages was used for each time point for both mock- and virus-inoculated groups. 

Culture medium from each well was used for TNF-α ELISA. In subsequent experiments, 

alveolar macrophages were exposed to 1ng/ml LPS at 3 or 6 hours after the virus 

inoculation period (Figures 4-2, 4-3, 4-7 & 4-8). For the TNF-α ELISA experiments, 

170μl of culture medium was sampled at each time point, and replaced with 170μl fresh 

medium. For real-time RT-PCR assays, 1 well was used for each time point.  

Lipoteichoic Acid experiments: LTA from Streptococcus pyogenes (Sigma 

Aldrich L3140) was used. Pilot studies using concentrations of 10, 100 and 1000ng LTA 

per milliliter of medium revealed that mock-inoculated macrophages responded with 

increased TNF-α production only at the highest concentration (1000ng LTA/ml media). 

Only this concentration was used in further experiments. Virus- and mock- inoculated 

macrophages were exposed to 1000ng LTA/ml culture medium at 0, 3, and 6 hours 

after the virus inoculation period. At 6 and 12 hours after virus inoculation, 170μl of 

medium from each well was sampled and replaced with 170μl fresh medium. As peak 

levels of TNF-α were measured 12 hours after virus inoculation in the LPS experiments, 

only the 12-hour sample was used for these studies. 

Flagellin experiments: Purified flagellin from Salmonella enterica serotype 

typhimurium (InvivoGen San Diego, CA ST-FLA) was used. Pilot studies using 0.1, 1 

and 2μg flagellin per milliliter of medium indicated that alveolar macrophage TNF-α 

response was minimal to even the highest concentration of flagellin. Subsequent 

experiments used 2μg flagellin per milliliter of medium. Virus- and mock-inoculated 

macrophages were exposed to 2μg flagellin/ml culture medium at 0, 3 and 6 hours after 

the virus inoculation period. At 6 and 12 hours after virus inoculation, 170μl of medium 
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from each well was sampled and replaced with 170μl fresh medium. Only the 12-hour 

sample was used for these studies. 

CpG experiments: Type C CpG oligonucleotide (InvivoGen, ODN 2395) was 

used. Concentrations of 0.5, 1 and 5μM of CpG DNA were added at 0, 3 or 6 hours after 

the virus inoculation period. TNF-α production in mock-inoculated macrophages was 

most consistent in response to a concentration of 5μM of CpG DNA in the media, and 

this concentration was used for these experiments. At 6 and 12 hours after virus 

inoculation, 170μl of medium from each well was sampled and replaced with 170μl fresh 

medium. Only the 12-hour sample was used for these studies. 

 Actinomycin D experiments: LPS was added to virus- and mock-inoculated 

wells 3 hours after the inoculation period. Thirty minutes after addition of LPS, 

actinomycin D (Sigma Aldrich) solubilized in sterile DMSO was added to culture media 

at a concentration of 5μg/ml media. Total RNA was harvested immediately as well as 30 

minutes, 1 hour, 1.5 hours and 2 hours after actinomycin D administration. 

Real-Time RT-PCR 

Total RNA was isolated from inoculated macrophages at each time point using the 

RNeasy Mini Kit (Qiagen, Valencia, CA) incorporating DNase treatment. Media from 

each well was transferred to microcentrifuge tubes and centrifuged at 10,000 rpm for 5 

minutes in an Eppendorf centrifuge to collect non-adherent cells. The supernatant was 

removed and stored at -70°C for cytokine protein quantification. Lysate buffer was 

added to the well, mixed by resuspending with a pipette, and then transferred to the cell 

pellet in the microcentrifuge tube. The sample was briefly vortexed and then stored at -

70°C prior to further processing as per manufacturer’s instructions. The cDNA was 
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synthesized from mRNA with oligo(dT) primers using the Advantage RT for PCR kit 

(Clonetech, Mountain View CA).  Canine G3PDH and TNF-α mRNA were quantified by 

real-time PCR using TaqMan® Universal PCR master mix and TAMRA™ FAM™ probes 

(Applied Biosystems, Branchburg, NJ) in the DNA engine Opticon II system (MJ 

Research/Bio-Rad Laboratories, Hercules, CA). Primer and probe sequences for canine 

G3PDH and TNF-α were obtained from the literature (Table 4-1). Primer efficiency and 

mRNA quantification calculations were performed as described by Pfaffl.119 TNF-α 

mRNA levels were normalized to G3PDH mRNA expression. 

TNF-α ELISA 

Canine TNF-α protein was quantified using a commercial ELISA (R&D Systems, 

Minneapolis, MN). Media were collected from macrophage cultures at the specified 

times after the inoculation period and stored at -70°C until further processing as per the 

manufacturers instructions. Plate absorbance readings were determined using the 

Synergy HT microplate reader (Bio-tek Instruments Inc., Winooski, VT). 

Data Analysis 

 Data were expressed as mean ± standard deviation, derived from the total 

number of experiments performed for each variable. Logarithmic transformation of data 

was performed if required to obtain normality or equal variance between groups. Means 

were compared using a one-way analysis of variance (ANOVA) or paired t-test if only 

two variables were examined. In the event of unequal group variances that were not 

corrected by logarithmic transformation, nonparametric methods were used to compare 

groups. A P value <0.05 indicated a significant difference between compared groups. 
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Statistical analysis was performed using Sigmastat® 3.5 software (Systat Software, Inc, 

Richmond, CA). 

Results 

TNF-α Response to LPS in CIV-Infected Alveolar Macrophages 

 In virus-inoculated cells exposed to 1-1000ng/ml LPS immediately after virus 

inoculation, 12-hour TNF-α protein concentration in culture media averaged 516 pg/ml, 

compared to 326 pg/ml in mock-inoculated cells, a 1.6 fold increase (Fig. 4-1). TNF-α 

production was more prolonged in LPS-exposed virus-inoculated macrophages than 

LPS-exposed mock-inoculated macrophages. In comparison, 12 hours after virus 

inoculation, TNF-α concentration in culture media of macrophages not exposed to LPS 

averaged 154 pg/ml media, and only 4 pg/ml media in mock-inoculated cells.  

 When LPS was added to culture media at a concentration of 1 ng/ml 3 hours 

after virus inoculation, virus-inoculated macrophages produced significantly (p<0.05) 

greater amounts of TNF-α than mock-inoculated macrophages at all time points after 

LPS addition (Fig. 4-2). TNF-α production peaked by 12 hours in LPS-exposed virus-

inoculated macrophages, averaging 1143 pg/ml media. By comparison, at 12 hours, 

LPS-exposed mock-inoculated macrophages averaged 301 pg TNF-α/ml media, or 26% 

of that produced by virus-inoculated macrophages exposed to LPS. Virus-inoculated 

macrophages not exposed to LPS averaged 242 pg TNF-α/ml media. Expressed 

another way, LPS-exposed virus-inoculated macrophages produced 2.1 fold greater 

TNF-α protein than the combined protein production of LPS-exposed mock-inoculated 

macrophages and virus-inoculated macrophages not exposed to LPS. 
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 Similarly, when LPS was added to culture media 6 hours after virus inoculation, 

virus-inoculated macrophages produced significantly (p<0.05) greater amounts of TNF-

α than mock-inoculated macrophages at all time points after LPS addition (Fig. 4-3). 

The concentration of TNF-α in culture media was greatest in virus-inoculated 

macrophages exposed to LPS, with peak concentration occurring 12 hours after virus 

inoculation at 1011 pg/ml. This represents a 2.3 fold increase over LPS-exposed mock-

inoculated macrophages that had a maximum average TNF-α production of 435 pg/ml 

media.  

TNF-α Response to Other Bacterial TLR Agonists in CIV-Infected Alveolar 
Macrophages 

 Adding LTA to culture media at 0 or 6 hours after virus inoculation did not result 

in significant increases in average TNF-α production above that seen with LTA-

exposure alone (Fig. 4-4). The greatest effect was seen when LTA was added 3 hours 

after virus inoculation. In this case, TNF-α concentration in virus-inoculated 

macrophages averaged 913 pg/ml media, compared to 489 pg/ml media from mock-

inoculated macrophages. These values were significantly different (p<0.05) when 

compared using a paired t-test.  

 When flagellin was added to culture media 0, 3 or 6 hours after virus or mock 

inoculation there was a mild but statistically insignificant augmentation of TNF-α 

production in virus inoculated cells over that seen in cells inoculated with virus only (Fig. 

4-5). Mock-inoculated cells responded minimally to flagellin regardless of when it was 

added to the culture media.  

 Addition of CpG DNA to culture media failed to increase TNF-α concentration in 

culture media in any group above that seen in macrophages inoculated with virus alone 



 

80 

(Fig. 4-6). Mock-inoculated macrophages responded minimally to CpG DNA, with 

maximal response seen when the agonist was added immediately after virus inoculation 

(24 pg/ml media). 

Augmented TNF-α Response to LPS is Mediated by Increased mRNA Levels 

 To investigate the mechanism by which prior infection with canine influenza virus 

augments the TNF-α response of alveolar macrophages to LPS, TNF-α mRNA levels in 

virus and mock-inoculated macrophages exposed to LPS were assessed. LPS was 

added at 3 hours after virus inoculation as this time point provided the greatest 

augmentation of TNF-α production in culture (Fig. 4-2).  

 When LPS was added to culture media at 3 hours after virus inoculation, it 

elicited a sharp increase in TNF-α mRNA in virus-inoculated cells, peaking at 161-fold 

the level of mock-inoculated control cells (Fig. 4-7) by 7.5 hours post-inoculation. In 

contrast, TNF-α mRNA levels in mock-inoculated macrophages exposed to LPS peaked 

at 6 hours after inoculation at 24-fold the level of mock-inoculated control cells. By 7.5 

hours after inoculation, TNF-α mRNA levels in mock-inoculated cells exposed to LPS 

declined to 12-fold mock expression.  

 In an attempt to discern if the increase in LPS-induced TNF-α mRNA levels was 

due to increased mRNA stability in virus-inoculated cells, we halted mRNA synthesis in 

macrophages 30 minutes after LPS exposure by adding actinomycin D to the culture 

media. TNF-α mRNA levels in LPS-exposed virus-inoculated cells remained stable for 

30 minutes, thereafter declining to a minimum average of 57% of the initial levels after 

1.5 hours and then stabilizing by 2 hours (Fig. 4-8). In contrast, TNF-α mRNA levels in 

LPS-exposed mock-inoculated cells rapidly declined to a minimum of 14% of the initial 
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levels within 1.5 hours. In macrophages inoculated with virus alone, mRNA degradation 

was intermediate between that of the LPS-treated groups.  

Discussion 

 Canine influenza virus is an important pathogen of dogs that continues to cause 

outbreaks of highly contagious respiratory disease in the US. As in other mammals that 

are hosts to stable lineages of influenza virus, secondary bacterial pneumonia is a 

leading complication of CIV infection, and also a common cause of mortality following 

influenza infection.41 Many studies in the past have addressed the mechanisms by 

which influenza virus predisposes to bacterial pneumonia.18,92 Among those are studies 

that demonstrate that infection of macrophages with influenza virus augments their 

cytokine response to LPS.16,82,102 More recently, the emergence of highly pathogenic 

avian H5N1 influenza virus as a threat to humans has resulted in studies that outlined a 

role of the alveolar macrophage in the pathogenesis of influenza virus infection as a 

critical source of proinflammatory cytokines such as TNF-α. Hypercytokinemia has been 

implicated as playing a role in the death of those infected with some highly pathogenic 

viruses.27,37,80 Results from this study demonstrate that prior infection of primary canine 

alveolar macrophages with CIV influenza virus augments the LPS-induced TNF-α 

response above that seen with CIV or LPS alone. This effect was mediated at the 

mRNA level, and possibly involved increased stability of TNF-α mRNA in influenza 

infected cells.  

The regulation of TNF-α expression is complex and stimulus specific, and occurs 

through both transcriptional and post-transcriptional mechanisms.44,138 The mechanisms 

by which influenza viruses induce TNF-α expression are not well understood, but are 
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likely mediated, at least in part, by the transcription factors nuclear factor kappa B (NF-

κB), activating protein (AP)-1 and signal transducers and activators of transcription 

(STATs), although NF-κB is recognized as one of the more important mechanisms in 

macrophages.69 The degree to which influenza viruses induce TNF-α expression is 

strain specific. Hyperinduction of TNF-α expression in human macrophages following 

H5N1 influenza infection has been shown to be p38 mitogen-activated protein (MAP) 

kinase dependent, a characteristic that differentiates H5N1 viruses from less pathogenic 

influenza viruses.64,79 In response to LPS, TNF-α expression is dependent on regulation 

of transcription, message splicing, mRNA stability, and translation.39,110,138,153 The NF-

κB transcription factor is critically involved in LPS stimulation of TNF-α transcription, 

however a variety of other transcription factors are also involved.53,153 Post-

transcriptional regulation of LPS-induced TNF-α expression operates largely through 

the cis-element, AU-rich element (ARE) in the 3´-untranslated region of the 

mRNA.39,74,138  

 Previous studies examining the interaction of influenza virus and LPS in 

macrophage cultures utilized the laboratory influenza strain A/Puerto Rico/8 (H1N1) and 

either human monocytes, a mouse macrophage cell line or rat alveolar 

macrophages.16,102 These studies determined that influenza virus infection of 

macrophages induced a large accumulation of TNF-α mRNA above that seen with LPS 

and similar to that seen with combined virus and LPS. Addition of LPS was required for 

increased translation of TNF-α mRNA into bioactive protein.82 In contrast, our studies 

determined that the combination of CIV and LPS caused a large increase in TNF-α 

mRNA above that seen with virus or LPS alone (Fig. 4-7). Peak mRNA accumulation 
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preceded by approximately 4.5 hours peak TNF-α protein release, which is consistent 

with the interpretation that the mRNA was translated without any obvious inhibition. 

Thus, prior infection of alveolar macrophages with CIV increased the net abundance of 

TNF-α mRNA in response to LPS. This could be mediated through a number of 

mechanisms including increased rates of transcription and increased mRNA stability. To 

try to differentiate these possibilities, we halted transcription following LPS 

administration using actinomycin D, and measured rates of TNF-α mRNA degradation 

in cells treated with virus, LPS or both (Fig. 4-8). By 1.5 hours after actinomycin D 

addition, the virus- and mock-inoculated cells treated with LPS differed by 43% in the 

levels of TNF-α mRNA remaining, indicating that CIV infection may have a mild 

stabilizing effect on TNF-α mRNA. Increased TNF-α mRNA may also be due to 

increased transcription. Nuclear run-on assays would be one method of analyzing 

transcription rates.58 However, the ability to measure rates of transcription in alveolar 

macrophages using a nuclear run-on assay is limited by the relatively small numbers of 

macrophages that can be isolated from cadaver dogs. These studies may be more 

reasonably completed in the future with continuous cell lines. 

 When canine alveolar macrophages inoculated with CIV were exposed to TLR 

agonists other than LPS, less dramatic effects were observed. LTA, a component of 

gram-positive bacterial cell walls, increased the TNF-α response of CIV-inoculated 

macrophages above that seen with virus or LTA alone. However the effect appeared 

additive, unlike that seen with LPS. Flagellin itself was a poor inducer of TNF-α. The 

presence of flagellin mildly increased the TNF-α response of macrophages to CIV, 

however the effect was statistically insignificant. The maximal TNF-α response of CIV-
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inoculated macrophages incubated with flagellin was less than half of the maximal 

response seen with similar LPS studies despite a 2000-fold difference in agonist 

concentration. As the TNF-α response of CIV-inoculated macrophages to LPS was 

greatest among the TLR agonists studied, further efforts to mechanistically investigate 

the interactions of CIV and bacterial agonists in alveolar macrophages focused on LPS.  

When unmethylated CpG DNA was added to culture media of CIV-inoculated 

macrophages, the TNF-α response varied considerably, but did not exceed that seen 

with macrophages inoculated with virus alone. Mock-inoculated cells had a modest 

TNF-α response to CpG DNA, averaging 17 pg/ml media. The diminished TNF-α 

response of CpG DNA-exposed macrophages to CIV unique among the TLR agonists 

studied here. The TLR for CpG DNA (TLR 9) differs from the other agonist TLRs studied 

here in that it is expressed on endolysosomal membranes rather than the cell 

surface.13,76 Stimulation of TLR 9 results activation of AP-1 and NF-κB transcription 

factors, similar to that seen with influenza virus.72 Potentially, TLR 9 stimulation may 

interfere with post-transcriptional regulation of TNF-α expression resulting from CIV 

infection.  

 Our in vitro results may not be representative of the in vivo alveolar macrophage 

response. There is likely a very complex and nuanced influence of the pulmonary 

environment and adaptive immune response on the function and responsiveness of 

alveolar macrophages.147,148,158 Nevertheless, our results are likely representative of the 

acute stages of influenza infection, before an adaptive immune response has occurred. 

Investigations into the initial outbreaks of CIV showed that alveolar macrophages were 

positive for influenza virus antigen by immunohistochemistry, and we have previously 
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shown that CIV replicates in primary alveolar macrophages.32,123 Other studies have 

shown that influenza infection can lead to diminished bacterial clearance from the 

respiratory tract within 2 hours.120 Taken together, these findings indicate that infection 

of alveolar macrophages with CIV may occur simultaneously with an increasing 

bacterial burden in the respiratory tract early in the course of viral infection. This co-

infection may lead excessive release of proinflammatory cytokines such as TNF-α, well 

above that seen with virus or bacterial infection alone.45 

 In conclusion, the data from this study indicate that CIV augments the TNF-α 

response of alveolar macrophages to LPS. This effect is mediated at the mRNA level, 

where prior infection of alveolar macrophages causes a much larger accumulation of 

TNF-α mRNA than in macrophages exposed to LPS or virus alone. The mechanism for 

the increased mRNA remains poorly defined and does not appear to be explained by 

altered mRNA degradation alone.  
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Table 4-1.  Primer and probe sequences.  
Primer 
set 

Primer sequences (5`-3`) Probe sequence (5`-3`) 

G3PDH113 Fwd: TCAACGGATTTGGCCGTATTGG 
Rev: TGAAGGGGTCATTGATGGCG 

CAGGGCTGCTTTTAACTCTGGCAAAGTGGA

TNF-α48 Fwd: GAGCCGACGTGCCAATG 
Rev: CAACCCATCTGACGGCACTA 

CGTGGAGCTGACAGACAACCAGCTG 
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Figure 4-1.  TNF-α protein concentration in alveolar macrophage supernatant inoculated 

with CIV or mock-inoculum and incubated with LPS (1-1000ng/ml) from 
immediately after inoculation. Concentration of TNF-α protein, as determined 
by ELISA, is expressed as pg/ml of culture supernatant. For LPS treated 
groups, n=7 for 0, 6 and 12 hour time points and n=4 for 24 hour time point. 
For groups not treated with LPS, n=11 for 0 and 12 hour time points, n=9 for 6 
hour time points, and n=6 for 24 hour time points. There are no significant 
differences among data from LPS-treated virus- and mock-inoculated 
macrophages at each of the time points (Kruskal-Wallis one way ANOVA on 
ranks). 
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Figure 4-2.  TNF-α protein concentration in alveolar macrophage supernatant inoculated 

with mock-inoculum or CIV and incubated with LPS (1ng/ml) from 3 hours 
after inoculation. Concentration of TNF-α protein, as determined by ELISA, is 
expressed as pg/ml of culture supernatant. n=4 for LPS-treated groups, n=3 
for groups not treated with LPS. * = significantly different from mock-
inoculated macrophages treated with LPS (6-24 hour groups) at the 
corresponding time point, p<0.05, one way ANOVA, Tukey test for all pairwise 
multiple comparisons, log transformed data.  

 
Figure 4-3.  TNF-α protein concentration in alveolar macrophage supernatant inoculated 

with mock-inoculum or CIV and incubated with LPS (1ng/ml) from 6 hours 
after inoculation. Concentration of TNF-α protein, as determined by ELISA, is 
expressed as pg/ml of culture supernatant. n=5 for LPS-treated groups, n=3 
for groups not treated with LPS. * = significantly different from mock-
inoculated macrophages treated with LPS (12 & 24 hour groups) at the 
corresponding time point, p<0.05, one way ANOVA, Student-Newman-Keuls 
Method for all pairwise multiple comparisons.  
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Figure 4-4.  TNF-α protein concentration in supernatant of alveolar macrophage 

cultures inoculated with CIV or mock-inoculum, and incubated with LTA 
(1000ng/ml) from immediately, 3 hours or 6 hours after inoculation. 
Concentration of TNF-α protein, as measured by ELISA, was determined at 
12 hours after inoculation and is expressed as pg/ml of culture supernatant. 
n=5 when LTA not added and when added after 3 hours, n=3 when LTA 
added after 0 and 6 hours. * = virus-inoculated differs significantly from mock-
inoculated within treatment group, p<0.05, paired t-test. 

 

 
Figure 4-5.  TNF-α protein concentration in supernatant of alveolar macrophages 

inoculated with mock-inoculum or CIV and incubated with flagellin (2μg/ml) 
from immediately, 3 hours or 6 hours after inoculation. Concentration of TNF-
α protein, as measured by ELISA, was determined at 12 hours after 
inoculation and is expressed as pg/ml of culture supernatant. n=4 for all 
groups. Virus-treated groups did not differ significantly (one-way ANOVA). 
Mock-treated groups did not differ significantly (repeated measures one-way 
ANOVA). 
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Figure 4-6.  TNF-α protein concentration in supernatant of alveolar macrophages 
inoculated with mock-inoculum or CIV and incubated with CpG DNA (5μM) 
from immediately, 3 hours or 6 hours after inoculation. Concentration of TNF-
α protein, as measured by ELISA, was determined at 12 hours after 
inoculation and is expressed as pg/ml of culture supernatant. n=2 for all 
groups.  

 

Figure 4-7.  TNF-α mRNA in virus- and mock-inoculated macrophages, exposed to LPS 
(1ng/ml) from 3 hours after inoculation. Results are expressed as a ratio to 
TNF-α mRNA levels in mock-inoculated cells (not exposed to LPS) at each 
time point. TNF-α mRNA levels were normalized to G3PDH mRNA 
expression. n=4 for 6-12 hours, n=3 for 3h, n=2 for 0h. * = significantly 
different from mock-inoculated cells exposed to LPS (6-12 hour groups), 
p<0.05, one way ANOVA, Tukey test for all pairwise multiple comparisons, 
log transformed data. 
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Figure 4-8.  TNF-α mRNA expression in virus- and mock-inoculated alveolar 
macrophages incubated with LPS (1ng/ml) from 3 hours after inoculation. 
Actinomycin D was added to cells 30 minutes after LPS addition. Results are 
expressed as a ratio to TNF-α mRNA levels at the time of actinomycin D 
addition. TNF-α mRNA levels were normalized to G3PDH mRNA expression. 
n=5 for all groups. 
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CHAPTER 5 
CANINE H3N8 INFLUENZA VIRUS INDUCES HOST STRAIN-SPECIFIC TNF-α 

EXPRESSION AND APOPTOSIS IN ALVEOLAR MACROPHAGES 

Abstract 

 Canine H3N8 influenza virus (CIV) was first recognized as a respiratory 

pathogen of dogs in 2004. Characterization of initial virus isolates revealed a close 

phylogenetic relationship to contemporaneous equine H3N8 viruses, indicating a likely 

origin from a single interspecies virus transfer. We previously demonstrated that CIV 

induces TNF-α production and cell death in primary canine alveolar macrophages. To 

investigate the specificity of the role of CIV in causing respiratory disease in dogs, we 

inoculated primary canine alveolar macrophages with CIV (A/Canine/Florida/04) and a 

genetically distant equine H3N8 influenza virus (EIV, A/Equine/Kentucky/91), and 

compared virus gene expression and TNF-α production. To examine the mechanism of 

CIV-induced cell death, we assessed caspase activation and annexin-V labeling 12 

hours after virus inoculation. The kinetics of virus matrix gene expression was similar for 

both CIV and EIV, with peak expression occurring 6 hours after virus inoculation. Matrix 

gene expression was greater for cells inoculated with EIV at all time points examined 

except at 3 hours after inoculation. At twelve hours after virus inoculation, CIV-

inoculated macrophage culture media contained significantly (p<0.05, n=4) greater 

TNF-α (206 pg/ml media) than media from EIV-inoculated macrophages (11pg/ml 

media).  By 9 hours after virus inoculation, TNF-α mRNA levels in CIV-inoculated 

macrophages averaged 91-fold the level seen in mock inoculated cells, whereas EIV-

inoculated macrophages averaged only 10-fold the level seen in mock-inoculated cells. 

Activation of the executioner caspases 3/7 was significantly (p<0.05) greater in CIV-
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inoculated cells than in mock-inoculated cells (n=8) or cells inoculated with UV-

inactivated virus (n=2). Flow cytometric analysis of annexin-v and propidium iodide 

labeling indicated CIV-inoculated macrophages undergo both apoptosis and necrosis at 

greater levels than mock-inoculated cells. In conclusion, CIV induces TNF-α expression 

in alveolar macrophages to a greater extent than related H3N8 equine viruses in an 

mRNA-mediated fashion, and CIV-induced cell death of macrophages occurs via 

apoptosis and necrosis.  

Introduction 

 Canine H3N8 influenza virus (CIV) was first characterized following isolation from 

racing greyhounds during an outbreak of severe respiratory disease in 2004.32 The virus 

has since been implicated in outbreaks of respiratory disease in racing greyhounds and 

the non-racing dog population throughout much of the US.41,112 Molecular analysis of 

the first CIV isolate showed a close relationship to contemporaneous equine H3N8 

influenza viruses, with greater than 96% shared sequence identity.32 The similarity of all 

CIV genes to equine H3N8 viruses indicated an interspecies transfer of a whole 

influenza virus from horses to dogs. 

The interspecies transmission of a whole influenza virus from one mammalian host 

to another is relatively uncommon. Infection of dogs with equine H3N8 viruses has been 

reported in natural and experimental settings,34,41,167 although horizontal transmission 

between dogs was not documented with these infections. The establishment of a canine 

H3N8 influenza virus as a stable lineage within the dog population indicates sufficient 

changes occurred in the parent equine virus to allow efficient transmission in the new 

host. Potential viral factors influencing transmissibility and virulence of influenza viruses 
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between species include hemagglutinin (HA) receptor-binding specificity, polymerase-

mediated replication efficiency, neuraminidase (NA) mediated release of virus from 

infected cells, non-structural protein (NS-1) mediated inhibition of host cell antiviral 

mechanisms, induction of apoptosis, and hyperinduction of pro-inflammatory 

cytokines.104,130 

We previously showed tumor necrosis factor (TNF-α), a potent proinflammatory 

cytokine, is induced in alveolar macrophages when infected with CIV.123 The level of 

TNF-α produced following CIV infection was similar to that following exposure to 

lipopolysaccharide. It has been proposed that hyperinduction of cytokines such as TNF-

α may provide the basis for increased pathogenicity of some strains of influenza virus 

such as highly pathogenic H5N1 influenza virus and the 1918 H1N1 ‘spanish flu’ 

influenza virus.27,37,84,114 

The induction of apoptosis in influenza-infected macrophages has been proposed 

as a possible virulence determinant.30,91 Not all influenza viruses are capable of 

inducing apoptosis.134 The presence of the PB1-F2 protein encoded by a +1 alternate 

reading frame in the PB1 gene has been linked to the ability of some strains of influenza 

to induce apoptosis.25,170 We previously showed that CIV infection of canine alveolar 

macrophages induces cell death.123 The mechanism by which CIV induces cell death in 

alveolar macrophages is not known.  

The objectives of this study were to compare the abilities of CIV and a distant 

genetic predecessor H3N8 equine influenza virus to induce TNF-α production, and to 

determine the method by which CIV induces cell death.  
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Materials and Methods 

Macrophage Isolation and Culture 

Macrophages were isolated as described previously.123 Briefly, euthanized 

(cadaver) male and female mixed-breed dogs from a local community animal shelter 

were used as the source of alveolar macrophages. Each of the dogs was positive for 

Dirofilaria immitis infestation as determined by antemortem serologic testing and 

identification of adult nematodes in the heart at necropsy. Only dogs over 25 kilograms 

and with grossly normal lungs were used for alveolar macrophage isolation.  

Alveolar macrophages were collected by whole lung lavage. The trachea was 

isolated by dissection and incised just anterior to the thoracic inlet. Tubing was 

introduced and tied in place. The lungs were washed twice with 700-1000ml of sterile 

PBS per wash, and drained into a sterile collection flask. A small aliquot of the wash 

was processed for cell differential count (cytospin preparation, Wright-Giemsa stain), 

and cultured on sheep blood agar and SP-4 agar to detect bacterial and mycoplasmal 

contamination.  Washes with positive bacterial or mycoplasmal culture, or neutrophil 

counts greater than 10% were not used. Washings were filtered through sterile gauze, 

and centrifuged for 10 minutes at 500xg and 4°C. Supernatant was discarded, and the 

cell pellet washed twice in cold PBS. Cells were then suspended in cold Minimum 

Essential Medium Alpha Medium (MEMα, Gibco, Grand Island, NY) supplemented with 

10% FBS and 1% Antibiotic-Antimycotic (Sigma Aldrich, St. Louis, MO) and incubated 

at 37°C and 5% CO2 for 2-4 hours in two 150cm2 culture flasks (Corning, Lowell NY).  

Non-adherent cells were removed by gently washing 1-3 times with warm MEMα. The 
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remaining adherent cells were incubated for a further 12-24 hours at 37°C and 5% CO2 

in supplemented MEMα.   

After overnight incubation, adherent cells were gently washed 3 times with warm 

MEMα. To remove adherent cells, 5ml of warm PBS was first added to each flask. The 

flasks were gently agitated, and the PBS was transferred to a collection centrifuge tube 

containing supplemented MEMα placed on ice. Warm 1xTrypsin/EDTA (Sigma Aldrich) 

was then added to each flask, and incubated at 37°C for 3 minutes with occasional 

gentle agitation. The trypsin/EDTA was repeatedly resuspended over the cells by 

pipetting, collected into the centrifuge tube and a second incubation with trypsin/EDTA 

was performed. Any remaining adherent cells were removed with a cell scraper, 

collected with a small volume of supplemented MEMα, and added to the collection 

centrifuge tube. The resulting cell suspension was then centrifuged for 5 minutes at 

500xg and 4°C.  The supernatant was removed and discarded and the resulting cell 

pellet was resuspended in cold supplemented MEMα and placed on ice.  

Total cell counts, differential cell counts and trypan blue exclusion assays were 

performed on the resulting cell suspension to determine the concentration of viable 

macrophages. Macrophages were then placed into 24-well tissue culture plates at a 

concentration of 500,000 per well, and cultured overnight at 37°C and 5% CO2.  

Virus and Mock Inocula 

Equine influenza virus, Influenza A/Equine/KY/91, was kindly provided by Dr 

Ruben Donis (Centers for Disease Control and Prevention, Atlanta, GA), and passaged 

twice in MDCK cells to obtain a titer suitable for these inoculation studies. The canine 

virus, Influenza A/Canine/FL/04, was kindly provided by Dr Ed Dubovi (Cornell 
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University, NY), and passaged three times in MDCK cells prior to use. Infectivity of 

stock virus was assessed by plaque assay, adapted from previous reports57,131 as 

cytopathic effect on confluent cultures of MDCK cells with a 0.5% agarose overlay. 

Infectivity of virus stocks used for experiments comparing equine and canine viruses 

was determined by immuno-plaque assay, performed as above with plaques stained 

with primary antibody directed against H3 antigen (Chemicon/Millipore, Billerica, MA) 

and peroxidase-conjugated secondary goat anti-mouse IgG (Sigma Aldrich). This was 

required due to the poor plaque-forming properties of the equine virus in culture. Mock 

inocula comprised a lysate of MDCK cells prepared as per virus stock without seed 

virus added. For experimental use, each inoculum was diluted to a concentration of 

2x106 plaque forming units per milliliter in cold MEMα. For experiments incorporating 

equine virus, mock inoculum was diluted to the same concentration as the equine virus 

as the equine virus stock had the lower titer and thus required less dilution. In other 

experiments, mock-inoculum was diluted to the same extent as the canine virus.  

Macrophage Inoculation with Canine and Equine Viruses 

Purified macrophages were seeded into 24-well plates at a concentration of 5x105 

per well and incubated overnight at 37°C and 5% CO2. The following day, media was 

removed from the wells, and groups of 6 wells were inoculated at a MOI of 2 with 

equine virus, canine virus or mock inoculum. The cells were incubated with the 

inoculum for 1 hour at 37°C and 5% CO2. In all experiments, the point immediately after 

the 1 hour incubation period is referred to as the ‘0 hour’ time point. The inocula were 

removed at the end of the incubation period, and 1ml of fresh warm supplemented 

MEMα was added to each well.  
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Real-Time RT-PCR 

Total RNA was isolated from inoculated macrophages at each time point using the 

RNeasy Mini Kit (Qiagen, Valencia, CA) including DNase treatment. Media from each 

well was transferred to microcentrifuge tubes and centrifuged at 10,000 rpm for 5 

minutes in an Eppendorf centrifuge to collect non-adherent cells. The supernatant was 

removed and stored at -70°C for cytokine protein quantification. Lysate buffer was 

added to the well, mixed by pipetting, and then transferred the cell pellet in the 

microcentrifuge tube. The sample was briefly vortexed and then stored at -70°C prior to 

further processing as per manufacturer’s instructions. The cDNA was synthesized from 

mRNA with oligo(dT) primers using the Advantage RT for PCR kit (Clonetech, Mountain 

View CA).  Canine G3PDH and TNF-α mRNA were quantified by real-time PCR using 

TaqMan® Universal PCR master mix and TAMRA™ FAM™ probes (Applied Biosystems, 

Branchburg, NJ) in the DNA engine Opticon II system (MJ Research/Bio-Rad 

Laboratories, Hercules, CA). Primer and probe sequences for canine G3PDH and TNF-

α were obtained from the literature. Virus matrix primer sequences common to both CIV 

and EIV were kindly provided by Dr Ruben Donis (Centers for Disease Control and 

Pevention, Atlanta, GA). Virus matrix probe sequence was generated using Primer 

Express Software for Real-time PCR® version 3.0 (Applied Biosystems, Foster City, CA) 

and the NCBI influenza virus resource. Primer and probe sequences are listed in Table 

5-1. Primer efficiency and mRNA quantification calculations were performed as 

described by Pfaffl.119 For matrix mRNA gene expression, EIV matrix mRNA expression 

was corrected relative to 0h CIV matrix mRNA expression because calculations 

comparing EIV and CIV matrix expression revealed the 0-hour expression of EIV matrix 
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gene was approximately 6.8-fold that of CIV. The matrix primer efficiencies detecting 

EIV and CIV differed slightly, so comparisons of matrix expression are approximate. All 

mRNA levels were normalized to G3PDH mRNA expression.  

TNF-α ELISA 

Canine TNF-α protein in culture medium was quantified using a commercial ELISA 

(R&D Systems, Mineapolis, MN). Media were collected from macrophage cultures at the 

specified times after the inoculation period, centrifuged to remove cells, and stored at -

70°C until further processing as per the manufacturers instructions. Plate absorbance 

readings were determined using the Synergy HT microplate reader (Bio-tek Instruments 

Inc., Winooski, VT).  

Caspase-3/7 Assay 

 Purified alveolar macrophages were seeded into wells in a Nunc® FluoroNunc™ 

96-well plate (Sigma Aldrich) at a rate of 5x104 per well and cultured overnight at 37°C 

and 5% CO2. The following day, culture media was removed and 3 wells each were 

incubated for 1 hour with virus- or mock-inoculum (MOI=2), or supplemented MEMα for 

positive control wells (see below). For two experiments, an additional negative control 

using virus-inoculum inactivated by exposure to UV light for 2 hours was used to control 

for caspase activity in the virus inoculum (Fig. 5-4). After the incubation period, the 

inoculum was removed and 50ul of fresh warm supplemented MEMα was added to 

each well. To induce apoptosis in positive control wells, staurosporine (Sigma Aldrich, 

S6942) was added to positive control wells at a concentration of 1μM. Macrophages 

were then incubated at 37°C and 5% CO2. After 12 hours, caspase-3/7 activity was 

measured using the Apo-ONE® homogenous caspase-3/7 assay (Promega, Madison, 
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WI). Cells were treated as per the manufacturer’s instructions and incubated for 3 

hours. Plates were read using the Synergy HT microplate reader (Bio-tek Instruments 

Inc.) at an excitation wavelength of 485 ± 20nm and an emission wavelength of 528 ± 

20nm. Sensitivity of the readings was the same for each experiment.  

Annexin-V/Propidium Iodide Flow Cytometry 

 To detect apoptosis and necrosis using flow cytometry, we used the TACS™ 

Annexin-V FITC apoptosis detection kit (R&D Systems). Alveolar macrophages were 

seeded into a 24-well plate at a concentration of 2x106 macrophages per well, and 

incubated overnight at 37°C and 5% CO2. The following day, macrophages were 

inoculated at an MOI of 2 with CIV or mock-inoculum and incubated for 1 hour. Positive 

control wells were incubated with supplemented MEMα media. After the 1-hour 

incubation period, the inocula were removed, and 1ml fresh supplemented media was 

added to the wells. To induce apoptosis in positive control wells, 1μM staurosporine was 

added. The cells were incubated for 12 hours. After 12 hours culture media was 

collected. Cells were eluted from wells by trypsinization and then added to the collected 

media. As per the kit directions, cells were pelleted by centrifugation and washed twice 

with PBS containing calcium, and then incubated with the Annexin-V FITC/propidium 

iodide reagent. Binding buffer was then added and the cells were analyzed by flow 

cytometry using a FACSort™ flow cytometer (BD Biosciences, San Jose, CA). 

Data Analysis 

 Data were expressed as mean ± standard deviation, derived from the total 

number of experiments performed for each variable. Logarithmic transformation of data 

was performed if required to obtain normality or equal variance between groups. Means 
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were compared using a repeated-measures one-way analysis of variance (ANOVA) or 

paired t-test if only two variables were examined. In the event of unequal group 

variances that were not corrected by logarithmic transformation, nonparametric methods 

were used to compare groups. A P value <0.05 indicated a significant difference 

between compared groups. Statistical analysis was performed using Sigmastat® 3.5 

software (Systat Software, Inc, Richmond, CA). 

Results 

Equine Influenza Matrix Gene Expression is Similar to Canine Influenza Matrix 
Gene Expression in Inoculated Alveolar Macrophages 

 When alveolar macrophages were inoculated with either CIV or EIV, matrix gene 

expression was similar (Fig. 5-1). Immediately after inoculation, equine influenza virus 

matrix mRNA expression was 6.8 fold higher than that seen with CIV. When gene 

expression was corrected for the difference in expression between the viruses found 

immediately after inoculation and examined based on the increase from 0-hour 

expression, the kinetics of matrix gene expression was very similar for both EIV and 

CIV. For both viruses, peak matrix mRNA expression was seen at seen 6 hours after 

inoculation. Peak EIV matrix expression (1111-fold 0h CIV expression) was 1.9-fold that 

seen with CIV (574-fold 0h expression). There was no statistically significant difference 

in matrix gene expression at any time point.  

Canine Influenza Virus Induces Greater TNF-α Production than Equine Influenza 
Virus.  

We determined TNF-α protein concentration in alveolar macrophage culture media 

12 hours after inoculation with either CIV or EIV. Inoculation of macrophages with CIV 

resulted in significantly (p<0.05, n=4, Fig. 5-2) greater production of TNF-α than with 
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mock-inoculation or inoculation with EIV. TNF-α production following CIV inoculation 

averaged 206 pg/ml media, 19-fold the level TNF-α seen following EIV inoculation. EIV 

induced an average TNF-α production of 11pg/ml media. Mock-inoculated cells 

averaged less than 0.03 pg TNF-α/ml media.  

Increased TNF-α Production Seen with CIV Inoculation is Associated with Greater 
TNF-α mRNA Levels.  

 Following CIV-inoculation, TNF-α mRNA levels in alveolar macrophages peaked 

at 9 hours following the inoculation period, averaging 91-fold the levels seen in mock 

inoculated macrophages (Fig. 5-3). In contrast, EIV-inoculate macrophages also 

showed peak mRNA levels by 9 hours, however this maximal response averaged only 

10-fold the level seen in mock-inoculated macrophages.  

Inoculation with CIV Induces Apoptosis in Alveolar Macrophages. 

 To determine if apoptosis is induced in macrophages inoculated with CIV, we 

determined the level of caspase 3/7 activity in cultures of macrophages incubated for 12 

hours following virus inoculation. Virus inoculated macrophage cultures exhibited 

significantly higher caspase activity than mock-inoculated cells (Fig. 5-4, p<0.05, n=8). 

Fluorescence measured from CIV-inoculated macrophage cultures averaged 3033 

RFU, compared to 151 RFU for mock-inoculated macrophage cultures. The average 

fluorescence measured from CIV-inoculated macrophage cultures was similar to that 

measured from macrophages incubated with 1μM staurosporine, a potent inducer of 

apoptosis. Mock-inoculated macrophages exhibited similar levels of caspase 3/7 activity 

to cultures inoculated with UV-inactivated virus, indicating there was no caspase activity 

in virus inoculum.  
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 To investigate the differential induction of apoptosis and necrosis in CIV-

inoculated macrophages, we analyzed Annexin-V FITC/ propidium iodide staining with 

flow cytometry. After inoculation with CIV, the proportion of macrophages staining 

negative for both annexin-V and propidium iodide (considered viable cells) averaged 

35.2%. This was significantly less than mock-inoculated cells (p<0.05, n=3) in which the 

proportion of macrophages staining negative for both annexin-V and propidium iodide 

was 89.5% (Fig. 5-5). Macrophages staining positive for annexin-V and negative for 

propidium iodide (consistent with apoptosis) averaged 23.2% of cells in CIV-inoculated 

wells, and only 5.6% of cells in mock-inoculated wells. Macrophages staining positive 

for both annexin-V and propidium iodide (cells undergoing late-apoptosis or necrosis) 

averaged 18.3% when inoculated with CIV, and 2.8% when mock inoculated. The 

average proportion of macrophages staining positive only for propidium iodide 

(considered necrotic) were also greatest in CIV-inoculated macrophages, averaging 

23.3%, compared to only 2.1% in mock-inoculated macrophages.  

Discussion 

 Canine influenza virus is an important respiratory pathogen that continues to 

cause highly transmissible respiratory disease in dogs throughout the US. Molecular 

analysis of CIV following its discovery showed a close phylogenetic relationship to 

contemporaneous equine influenza viruses, indicating a likely transmission of a whole 

influenza virus from one mammalian species to another, and establishment of a new 

stable lineage in dogs.32 We previously showed that in canine alveolar macrophages, 

CIV induces TNF-α expression of similar magnitude to that seen following LPS 

exposure.123 It was unclear whether the TNF-α expression seen after CIV-inoculation 
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was specific to the canine isolate or represented a response to influenza viruses in 

general. Previous studies have shown that TNF-α expression in macrophages is strain 

specific and may contribute to the differences in pathogenicity seen between influenza 

viruses.27,79,114 We also previously demonstrated that inoculation of alveolar 

macrophages with CIV induced cell death, however it was unclear if the cells were dying 

via necrosis or apoptosis.123 Disruption of alveolar macrophages by influenza virus has 

been proposed as a mechanism by which influenza viruses may predispose to 

secondary bacterial pneumonia.30 Results from this study indicate that CIV and EIV 

matrix gene expression in alveolar macrophages is similar, yet CIV induces a greater 

TNF-α response. Furthermore, CIV induces cell death in alveolar macrophages through 

both necrosis and apoptosis.  

 To compare the alveolar macrophage TNF-α response to CIV and EIV, we chose 

to use a relatively distant genetic precursor of CIV: influenza A/EQ/Kentucky/91. 

Presumably, some genetic change has occurred in CIV to allow efficient transmission 

within a new host. By choosing a distant genetic precursor, we hoped to capture a clear 

distinction between the equine and canine lineage. EIV matrix gene expression in 

alveolar macrophages was very similar to that of CIV, with slightly increased expression 

at all measured time points other than 3 hours. Although we did not measure virus 

replication, we previously showed that CIV replication is closely tied to matrix gene 

expression in alveolar macrophages.123  

Despite the similarity of the extent and kinetics of matrix gene expression, alveolar 

macrophage TNF-α production was significantly greater in response to CIV compared to 

EIV. This effect was mediated at the mRNA level. The mechanisms by which influenza 
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viruses induce TNF-α mRNA expression in macrophages are incompletely understood, 

and vary between virus strains. The activation of NF-κB (nuclear factor kappa B), p38 

MAPK (mitogen-activated protein kinase) and IRF-3 (IFN regulatory factor 3) are at 

least partially involved in the transcription of TNF-α.64,69,80  

The significantly greater TNF-α response of alveolar macrophages after CIV 

infection compared to EIV infection may also play a role in the pathogenesis of CIV 

infection. Dogs exposed to EIV-infected horses showed seroconversion and virus 

shedding, yet did not develop a fever or show clinical signs of infection.167 TNF-α is a 

potent mediator of the acute inflammatory response following influenza infection, as well 

as being a key inducer of pyrexia in the acute phase reaction following infection.70 The 

lack of clinical signs (including fever) in dogs exposed to EIV may indicate that infection 

in these animals did not elicit a significant TNF-α response. 

 Infection of alveolar macrophages with CIV strongly induced activity of the 

executioner caspases 3 and 7, indicating that apoptosis is a feature of CIV infection in 

macrophages. CIV infection also induced necrosis as evidenced by the presence of 

propidium iodide permissible cells not staining with annexin-V. Not all influenza viruses 

are capable of inducing apoptosis.134 The ability of some influenza viruses to induce 

apoptosis in macrophages has been proposed as a virulence factor that contributes to 

influenza-related disease by decreasing pulmonary bacterial defense mechanisms and 

increasing susceptibility to virus infection.30 The PB1-F2 protein, encoded by a +1 

alternate open reading frame of the PB1 gene, has been proposed as conferring the 

ability to some influenza viruses to induce apoptosis in macrophages,25 and has also 

been linked to the increased pathogenicity of specific strains of influenza.91 Not all 
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influenza viruses encode an intact PB1-F2 protein. Equine and canine H3N8 viruses 

encode intact PB1-F2 proteins, however the PB1 genes form a distinct phylogenetic 

clade which may influence the function of the PB1-F2 protein.170 Further investigations 

into the role of the PB1-F2 protein in CIV-induced macrophage apoptosis are required.  

 In conclusion, the data from this study suggest that the TNF-α response of 

canine alveolar macrophages to CIV may be unique to the canine-adapted virus, and 

greatly exceeds the response to a genetically distant equine H3N8 virus. The decreased 

viability of macrophages infected with CIV is due to the combined effects of necrosis 

and apoptosis induced by the virus. 
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Table 5-1.  Primer and probe sequences.  
Primer 
set 

Primer sequences (5`-3`) Probe sequence (5`-3`) 

Matrix 
gene 

Fwd: TGATCTTCTTGAAAAATTTGCAG
Rev: CCGTAGCAGGCCCTCTTTTCA 

ATGCAGCGATTCAAGTGATCCTCTCGTT 

G3PDH113 Fwd: TCAACGGATTTGGCCGTATTGG 
Rev: TGAAGGGGTCATTGATGGCG 

CAGGGCTGCTTTTAACTCTGGCAAAGTGGA

TNF-α48 Fwd: GAGCCGACGTGCCAATG 
Rev: CAACCCATCTGACGGCACTA 

CGTGGAGCTGACAGACAACCAGCTG 
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Figure 5-1.  Influenza virus matrix gene expression in alveolar macrophages. Virus 

matrix mRNA levels as determined by real-time RT-PCR are expressed as 
fold increase over the levels of CIV matrix mRNA present immediately after 
the inoculation period. Matrix mRNA levels were normalized to G3PDH 
mRNA expression. Equine influenza virus matrix mRNA expression was 
normalized to the 0h canine influenza virus matrix mRNA. n=4 for all time 
points. There was no statistically significant difference between groups at any 
time point (Friedman-repeated measures ANOVA on Ranks, log-transformed 
data).  

 

 
Figure 5-2.  TNF-α protein concentration in alveolar macrophage culture media. 

Concentration of TNF-α protein, as determined by ELISA at 12-hours after 
virus inoculation, is expressed as pg/ml of culture media. n=4 for each group. 
* = significantly different from EIV-inoculated and mock-inoculated 
macrophages, p<0.05, one way repeated measures ANOVA, Holm-Sidak 
method of all pairwise multiple comparison procedures.  
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Figure 5-3.  TNF-α mRNA in virus inoculated macrophages. Results are expressed as a 

ratio to TNF-α mRNA levels in mock-inoculated cells at each time point. TNF-
α mRNA levels were normalized to G3PDH mRNA expression. n=4 at all time 
points for each group. There was no significant difference between groups at 
any time point (one way repeated measures ANOVA, Holm-Sidak method of 
all pairwise multiple comparison procedures, log-transformed data). 9-hour 
and 12-hour CIV treated groups differed significantly from the corresponding 
EIV treated group (paired t- test).  

 
Figure 5-4.  Caspase 3/7 activity in CIV-inoculated macrophages. Caspase 3/7 activity 

in macrophage cultures, as determined by fluorometric assay at 12 hours 
after inoculation, is expressed in relative fluorescence units. n=8 for the mock-
inoculated, virus-inoculated and staurosporine treated groups. n=2 for UV 
inactivated virus group. * = significantly different from mock-inoculated and 
inactivated virus-inoculated groups, p<0.05, one way repeated measures 
ANOVA, Holm-Sidak method of all pairwise multiple comparison procedures, 
log-transformed data. 
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Figure 5-5.  Annexin-V and propidium iodide labeling in alveolar macrophages. Results 

are expressed as the proportion (%) of cells staining in each group, as 
measured by flow cytometry 12 hours after virus inoculation. A- = Annexin-V 
negative, A+ = Annexin-V positive, P- = propidium iodide negative, P+ = 
propidium iodide positive. n=3 for all groups. * = significantly different values 
for mock- and virus-inoculated cells within group, p<0.05, paired t-test, 
arcsine square root transformed data. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

The goal of this research was to investigate the role of the macrophage in the 

pathogenesis of canine influenza. The hypothesis for these studies was that canine 

influenza virus (CIV) induces severe respiratory disease in dogs by infecting pulmonary 

macrophages and inducing high levels of pro-inflammatory cytokines such as TNF-α 

and that influenza virus infection of macrophages induces dysregulated cytokine 

responses in macrophages when they are subsequently exposed to bacterial 

pathogens. This hypothesis was tested with experiments guided by 4 specific aims. 

Specific Aim 1 

To Determine whether Canine Influenza Virus Replicates in Canine Macrophages 
and Induces Cell Death. 

CIV replicates in alveolar macrophages, as demonstrated by expression of virus 

matrix gene, detection of virus H3 antigen, and production of infectious virus in alveolar 

macrophage cultures. Infection of canine alveolar macrophages leads to cell death via 

both apoptosis and necrosis. 

Specific Aim 2 

To Characterize Alterations in Cytokine Production Induced by Canine Influenza 
Virus in Macrophages. 

When infected with CIV, canine alveolar macrophages produce the pro-

inflammatory cytokine TNF-α in amounts similar to that produced in response to 

lipopolysaccharide (LPS). This effect appears to be host strain-specific, as infection of 

macrophages with a genetically related equine influenza virus induced similar matrix 

mRNA expression, yet significantly (p<0.05) less TNF-α production. Expression of TNF-

α protein in canine alveolar macrophages is related to increased levels of TNF-α 
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mRNA. IL-10 is not produced in significant amounts by alveolar macrophages in 

response to CIV.  

Specific Aim 3 

To Determine whether Bacterial TLR Agonist-Induced Cytokine Production by 
Macrophages is Enhanced by Prior Infection with Canine Influenza Virus. 

CIV infection of alveolar macrophages primed them for an exaggerated TNF-α 

response to subsequent exposure to LPS. A lesser effect was seen with lipoteichoic 

acid. Flagellin and unmethylated CpG DNA were poor inducers of TNF-α in alveolar 

macrophages.  

Specific Aim 4 

To Identify the Mechanism by which Canine Influenza Virus Augments 
Macrophage TNF-α Response to LPS.  

Prior infection of alveolar macrophages with CIV causes a much larger 

accumulation of TNF-α mRNA following LPS exposure than in macrophages exposed 

only to LPS or virus. The mechanism for the increased mRNA remains poorly defined 

and does not appear to be explained by altered mRNA degradation alone. 

Conclusions 

Canine alveolar macrophages may play an important role in the pathogenesis of 

CIV infection. Infection of alveolar macrophages leads to increased TNF-α production, 

indicating that alveolar macrophages are an important source of pro-inflammatory 

cytokines mediating primary viral pneumonia. Virus production from infected alveolar 

macrophages is unlikely to be a significant source of virus shedding in infected animals.  

The model presented in these studies suggests that the alveolar macrophage may 

play an important role in increasing the severity of bacterial pneumonia secondary to 

CIV infection. CIV primes alveolar macrophages for an exaggerated response to 
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subsequent exposure to bacterial products. Also, CIV induces cell death through both 

necrosis and apoptosis of alveolar macrophages, and this effect may diminish the 

innate immune barrier provided by sentinel alveolar macrophages in the lung.  
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APPENDIX A 
VIRUS INOCULATION OF ALVEOLAR MACROPHAGES FROM LABORATORY 

MAINTAINED BEAGLE DOGS 

Experimental Design and Methods 

 The purpose of this study was to validate results seen from cadaver dogs 

obtained from a local animal shelter by performing similar experiments in laboratory-

maintained beagle dogs of known history. One of the major disadvantages of using 

cadaver dogs obtained from a local shelter is the lack of any known history of the dogs, 

as well as the lack of control of respiratory infectious disease that are often found in 

such facilities. As such, screening of animals obtained from a shelter for use in virus 

inoculation studies could only be performed post-mortem by gross examination of the 

lungs, as well as culture and differential cell counts on lavage fluid.  

 Two laboratory-maintained beagle dogs were used for this study. Due to the 

small size of the dogs (12 and 15 kg respectively), relatively low numbers of alveolar 

macrophages were obtained by lung lavage, and thus the scope of these experiments 

was limited. In both cases, there were insufficient cells to run mock-inoculated controls, 

so only virus-inoculated cells were examined. Only mRNA levels were determined in 

these studies. 

Lung lavage, alveolar macrophage isolation and culture conditions, inoculation 

protocol and real-time RT-PCR methods were described in experiment 1 (Chapter 2). 

For the first dog (beagle 1), a total of 1.31x106 macrophages were purified. These cells 

were split between 3 wells in a 24-well plate at a concentration of 4.4x105 cells per well. 

For the second dog (beagle 2), only 1.96x105 total macrophages were purified. These 

were split between 2 wells in a 24-well plate at a concentration of 9.8x104 macrophages 

per well. Macrophages were inoculated at an MOI of 2. For beagle 1, total RNA was 
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harvested at 0, 6 and 12 hours after virus inoculation. For beagle 2, total RNA was 

harvested at 0 and 12 hours after virus inoculation.  

Results and Conclusions 

 In macrophages from beagle 1, matrix mRNA expression was maximal by 6 

hours after virus inoculation at 1497-fold the level immediately after the inoculation 

period (Fig. A-1). By 12 hours, the expression had waned to 195-fold the level 

immediately after inoculation. In comparison, matrix mRNA expression in cadaver 

alveolar macrophages was also maximal at 6 hours after virus inoculation, averaging 

6445-fold the level immediately after inoculation, with a range from 16-fold to over 

53,000-fold the level immediately after inoculation (Chapter 3). Due to the very small 

numbers of cells obtained from beagle 2, only small amounts of RNA were recoverable. 

Determination of matrix mRNA expression was not performed in this animal as no 

matrix mRNA was detectable by real-time RT-PCR at 0h, and thus no comparison could 

be made from the 12 hour samples.  

 As we were unable to use a mock-inoculated control group in either beagle to 

express cytokine mRNA expression in virus-inoculated groups, the results here are 

expressed as a ratio to 0-hour expression, in the same manner as matrix mRNA 

expression. In beagle 1, TNF expression was maximal at 6 hours after virus inoculation, 

peaking at 18-fold the level seen at 0-hour. IL-10 mRNA only fluctuated mildly from the 

levels seen at 0h (Fig. A-2). In macrophages from beagle 2, only modest increases in 

both TNF-α and IL-10 mRNA expression from the level immediately after inoculation 

were noted (Fig. A-3).  
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Based on results from other animals, it is likely that peaks in TNF-α mRNA 

production occur close to 9 hours after virus inoculation. Beagle 1, showed kinetics of 

mRNA expression similar to that seen in macrophages obtained from cadaver dogs 

from shelters. The small numbers of macrophages obtained from beagle 2 likely 

impacted the results reported here by severely limiting the amount of RNA recoverable, 

and yielded results not comparable with those from experiments utilizing much greater 

numbers of cells.   
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Figure A-1.  Matrix mRNA expression in alveolar macrophages from beagle 1 inoculated 

with CIV. Virus matrix mRNA levels as determined by real-time RT-PCR are 
expressed as fold increase over the levels of CIV matrix mRNA present 
immediately after the inoculation period. n=1 

 

 
Figure A-2.  TNF-α and IL-10 mRNA in virus inoculated alveolar macrophages from 

beagle 1. Results are expressed as fold increase over the levels of cytokine 
mRNA present immediately after inoculation. n=1. 
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Figure A-3.  TNF-α and IL-10 mRNA in virus inoculated alveolar macrophages from 

beagle 2. Results are expressed as fold increase over the levels of cytokine 
mRNA present immediately after inoculation. n=1 
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APPENDIX B 
VIRUS INOCULATION STUDIES ON PERIPHERAL BLOOD MONOCYTE DERIVED 

MACROPHAGES 

Experimental Design and Methods. 

 We assessed a variety of models of canine macrophages to use in canine 

influenza virus inoculation studies. We initially planned to perform most studies on 

peripheral blood monocyte-derived macrophages (PBMDMs) obtained from laboratory-

maintained beagle dogs. The advantage of this approach would have been a relatively 

uniform source of cells that were certain to be free of pathogens. Circulating monocytes 

are functionally immature, and when cultured require time to develop the phenotype of a 

macrophage, somewhere in the vicinity of 10 days culture. We faced significant 

difficulties in maintaining cells adherent to culture flasks for any longer than 3 days, 

despite trialing several methods. As outlined here, 3-day old PBMDMs performed as a 

poor model of alveolar macrophages when inoculated with CIV.  

 Methodology for PBMDM isolation was adapted from published work in humans47 

and ponies.124 Adult male beagles were sedated with Domitor® (Pfizer, PA) at the dose 

recommended by the manufacturer. 10ml per kilogram body weight of blood was 

collected via jugular venipuncture into heparinized 60ml syringes. The blood was 

centrifuged at room temperature for 30 minutes at 700xg to separate the whole blood 

into red cell pellet, buffy coat and plasma components. A portion of plasma was 

removed and saved for preparation of flasks for monocyte culture. The remaining 

plasma and buffy coat was resuspended in 2-3 volumes of Dulbecco’s PBS (D-PBS). To 

separate peripheral blood mononuclear cells from polymorphonuclear cells and 

erythrocytes, the resulting cell suspension was underlaid with 10ml of Ficoll-Paque Plus 

(GE Healthcare, Uppsala, Sweden) and centrifuged at room temperature for 20 minutes 
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at 800xg. Cells collected from the interface of supernatant and Ficoll solution were 

resuspended in D-PBS and centrifuged at room temperature for 10 minutes at 600xg. 

To minimize platelet contamination, the resulting pellet was repeatedly resuspended in 

D-PBS and centrifuged at room temperature for 15 minutes at 300xg until the 

supernatant was clear. Cell pellets were finally resuspended in 10ml room temperature 

MEM Eagle HEPES modification (Sigma-Aldrich, St Louis, MO) supplemented with 10% 

fetal bovine serum (Sigma-Aldrich), 100 IU/ml penicillin and 100μg/ml streptomycin 

(PBMDM media). To retard adherence, the resulting cell suspension was placed on ice 

until further processing. 0.1ml of the cell suspension was diluted 1:100 and 1:1000. The 

1:100 dilution was used to determine nucleated cell counts using a hemacytometer, and 

the 1:1000 dilution was used for a cytospin preparation for cell differential counts. 

Peripheral blood monocytes were purified by adherence to gelatin/plasma-coated 

tissue culture flasks. Culture flasks (150cm2, Corning) were prepared by incubating 

10ml of 2% gelatin (Sigma Aldrich) at 37°C with 5% CO2 for at least 2 hours. The gelatin 

was then removed and the flasks were left to dry. Flasks were then incubated with 10-

15ml of autologous plasma for a minimum of 30 minutes. The plasma was removed and 

the flasks were washed 3 times with D-PBS, with the third wash being left in place until 

just prior to use. 

Blood mononuclear cells were seeded into the gelatin/plasma coated flasks in 

25ml supplemented MEM, at a concentration of 5-15х106 cells per ml. The cell 

suspension was incubated for 18 hours at 37°C with 5% CO2, with occasional gentle 

rocking of the tissue culture flasks. Following incubation, the non-adherent and loosely 

adherent cells were removed by gently resuspending the media over the cells. The 
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adherent cells were then gently washed four times with 10ml of warm MEM. Adherent 

cells were eluted from the tissue culture flasks by two 1-3 minute incubations with 37°C 

10x Trypsin-EDTA solution (Sigma-Aldrich) diluted 1:10 in D-PBS, followed by agitation 

of the flasks. The trypsinized cells were collected into equal volumes of supplemented 

MEM. The resulting cell suspension was centrifuged for 5 minutes at 4°C, 500xg, and 

the cell pellet was resuspended in cold supplemented MEM and placed on ice until 

further processing. 0.1ml of the cell suspension was diluted 1:10, 1:100 and 1:1000 for 

trypan blue exclusion assay (for cell viability), cell counting and differential cell counts, 

respectively. The cell suspension was then seeded into 12-well plates at a 

concentration of 5x105 viable monocyte/macrophages per well. The cells were further 

incubated for 3 days at 37°C and 5% CO2, prior to inoculation studies.  

After 3 days incubation, macrophages were inoculated with CIV or mock inoculum 

as described in experiment 1 (chapter 2). Total RNA was collected for real-time RT-

PCR at 0, 3, 6 and 12 hours after virus inoculation, as described in experiment 1 

(chapter 2).  

Results and Conclusions 

 Matrix mRNA expression in PBMDMs was much less than that seen in CIV-

inoculated alveolar macrophages (Fig. B-1). Maximal matrix mRNA expression in 

alveolar macrophages was typically seen 6 hours after virus inoculation, and averaged 

over 6000-fold the level seen immediately after the inoculation period. In contrast, 

maximal matrix mRNA expression in PBMDMs was seen 12 hours after the inoculation 

period, and averaged only 28-fold the level seen immediately after virus inoculation.  
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 PBMDMs responded minimally to CIV inoculation with TNF-α mRNA expression. 

Only a mild increased in expression (1.9-fold the level in mock-inoculated PBMDMs) 

occurred 3 hours after virus inoculation (Fig. B-2). In contrast, alveolar macrophage 

TNF-α mRNA averaged 28-fold the level seen in mock-inoculated macrophages by 12 

hours after inoculation (chapter 3).  

 IL-10 mRNA expression in PBMDMs following CIV-inoculation did not exceed 2-

fold the level seen in mock inoculated PBMDMDs (Fig. B-3) 

 In conclusion, inoculation of PBMDMs differed markedly from alveolar 

macrophages in the lack of matrix gene expression. This is likely linked to the minimal 

cytokine response of the cells to the virus. These results suggest that CIV does not 

replicate well in PBMDMs cultured for 3 days prior to inoculation.  
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Figure B-1.  Virus matrix gene expression in peripheral blood monocyte-derived 

macrophages. Viral matrix RNA levels as determined by real-time RT-PCR 
are expressed as fold-increase over the levels present immediately after the 
inoculation period. n=3 

 

 
Figure B-2.  TNF-α mRNA in virus inoculated peripheral blood monocyte-derived 

macrophages. Results are expressed as a ratio to TNF-α mRNA levels in 
mock-inoculated cells at each time point. TNF-α mRNA levels were 
normalized to G3PDH mRNA expression. n=2 
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Figure B-3.  IL-10 mRNA in virus inoculated peripheral blood monocyte-derived 

macrophages. Results are expressed as a ratio to IL-10 mRNA levels in 
mock-inoculated cells at each time point. TNF-α mRNA levels were 
normalized to G3PDH mRNA expression. n=2 for 0, 6 and 12 hour time 
points, n=1 for 3 hour time point.  
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APPENDIX C  
CYTOKINE EXPRESSION IN ALVEOLAR MACROPHAGES INOCULATED WITH UV-

INACTIVATED VIRUS 

Experimental Design and Methods 

 The purpose of this experiment was to investigate the appropriateness of the 

mock-inoculum used in studies as a negative control for virus inoculation studies. 

Although great care was taken to prepare mock- and virus-inocula stocks in the same 

manner (mock-inoculum stock differed only in not having virus seed added to MDCK 

cells during virus culture), the nature of a virus infection during virus propogation may 

have potentially led to the production of compounds either from MDCK cells (eg, type I 

interferons) or other cellular products released during death of MDCK cells, that may 

activate alveolar macrophages independent of the presence of virus. As such, it was felt 

that by UV-inactivating virus stock, the effects of virus replication could be removed and 

any other substances in the inoculum would be detected as having an influence on 

alveolar macrophage cytokine production.  

 Thawed Canine/FL/04 virus stock was inactivated by incubation on ice, directly 

under a UV-lamp, for 2 hours. This inactivated stock was aliquoted and re-frozen for 

later use in these experiments. Alveolar macrophages were inoculated with mock-

inoculum or UV-inactivated virus inoculum as outlined for virus inoculation in experiment 

1 (chapter 2). After inoculation, cells were incubated at 37°C and 5% CO2 for 12 hours. 

Total RNA for real-time RT-PCR was harvested as described in experiment 1 (chapter 

2) at 0 and 12 hours after inoculation.  

Results and Conclusions 

 Both TNF-α and IL-10 mRNA expression in alveolar macrophages inoculated 

with UV-inactivated virus was similar to the expression in response to mock-inoculum 
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(Fig. C-1 and C-2). In similar experiments, virus-inoculated macrophages averaged 28-

fold the level of TNF-α mRNA in mock inoculated cells by 12 hours after virus 

inoculation (chapter 3). Real-time RT-PCR using primers and probes for virus matrix 

mRNA were negative for all samples, confirming inactivation of the stock by UV-light 

exposure.  

This confirms that there was no substances in the virus inoculum that alone would 

cause increased TNF-α or IL-10 expression. Thus, the mock-inoculum used in these 

studies was a suitable negative control.  
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Figure C-1.  TNF-α mRNA expression in alveolar macrophages inoculated with UV-

inactivated. Results are expressed as a ratio to TNF-α mRNA levels in mock-
inoculated cells at each time point. TNF-α mRNA levels were normalized to 
G3PDH mRNA expression. n=3. 

 

 
Figure C-2.  IL-10 mRNA expression in alveolar macrophages inoculated with UV-

inactivated. Results are expressed as a ratio to IL-10 mRNA levels in mock-
inoculated cells at each time point. IL-10 mRNA levels were normalized to 
G3PDH mRNA expression. n=3. 
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APPENDIX D 
TNF-α EXPRESSION IN DH82 CELLS FOLLOWING CANINE INFLUENZA VIRUS 

INOCULATION AND EXPOSURE TO LIPOPOLYSACCHARIDE AND LIPOTEICHOIC 
ACID 

Experimental Design and Methods 

The purpose of this experiment was to assess the suitability of the canine DH82 

macrophage cell line as a model for the alveolar macrophage in the investigation of 

canine influenza pathogenesis. The cell line originated from a dog with malignant 

histiocytosis, a systemic proliferation of malignant histiocytes.162 

DH82 cells were cultured in Eagle’s minimum essential media (MEM) 

supplemented with 15% fetal bovine serum, 1% antibiotic/antimycotic solution, 1% 

sodium pyruvate, 1% glutamate, and 1% essential amino acids (Sigma Aldrich). Fourth 

passage cells were used for this experiment.  

DH82 cells were seeded into a 24-well plate at a concentration of 5x105 trypan-

blue negative cells per well. The cells were incubated at 37°C and 5% CO2 for 3 hours 

to allow adherence to the plate. Cells were inoculated at a multiplicity of infection of 2 

with Canine/FL/04 influenza virus (CIV) or mock inoculum as described in experiment 1 

for alveolar macrophage inoculation. After the 1-hour inoculation period, the inoculum 

was removed and replaced with warm fresh supplemented MEM. The cells were 

incubated a further 3 hours at 37°C and 5% CO2. At 3 hours after inoculation, wells of 

DH82 cells were exposed to either lipopolysaccharide (LPS) or lipoteichoic acid (LTA) at 

a variety of concentrations. LPS was added at concentrations of 1, 10 or 100ng/ml 

media, and LTA was added at concentrations of 100 or 1000μg/ml media. At 0, 3, 6, 17 

and 25 hours after inoculation, 170μl of culture media was sampled, and replaced with 

170μl of fresh media.  
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TNF-α concentration in culture media was determined using a commercial ELISA 

kit as described in experiment 2.  

Results and Conclusions 

 DH82 cells responded to CIV with less TNF-α than alveolar macrophages. Peak 

TNF-α production of DH82 cells was 95 pg/ml media, occurring at 25 hours after virus 

inoculation. In similar experiments using alveolar macrophages (Chapter 4), average 

peak TNF-α production was 242 pg/ml, occurring at 12 hours after virus inoculation. 

CIV inoculation of DH82 cells did not augment TNF-α production. CIV- and mock-

inoculated DH82 cells exposed to LPS 3 hours after inoculation displayed similar TNF-α 

production at all concentrations (Fig. D-1 – D-3). Peak production occurred at 17 hours 

after inoculation when LPS was added at 1ng/ml. At this LPS concentration, CIV-

inoculated DH82 cells produced 339 pg/ml TNF-α, and mock-inoculated DH82 cells 

produced 309 pg/ml TNF-α. This response was similar to mock-inoculated alveolar 

macrophages exposed to LPS in similar experiments that averaged a maximal TNF-α 

production of 317 pg/ml at 6 hours after virus inoculation (Chapter 4). At higher 

concentrations of LPS, DH82 cells became less responsive in TNF-α response. 

The response of DH82 cells to LTA was similar to that of alveolar macrophages. In 

similar experiments, mock-inoculated macrophages exposed to 1000ng/ml LTA 

produced 489 pg TNF-α/ml media by 12 hours after inoculation. Mock-inoculated DH82 

cells exposed to LTA at a concentration of 1000ng/ml produced 309 pg TNF-α/ml 

media.  

In contrast to the response of CIV-inoculated alveolar macrophages, CIV-

inoculation of DH82 augmented TNF-α production in response to LTA above that of an 
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additive effect of LTA and virus. This effect was most pronounced when 100ng/ml of 

LTA was added (Fig. D-4 & D-5).  

In conclusion, DH82 cells were a poor model of the TNF-α response of alveolar 

macrophages to CIV, and also of the TNF-α response of CIV-inoculated alveolar 

macrophages to both LPS and LTA. Based on these results, we opted not to further 

pursue the use of DH82 cells in experiments delineating the molecular mechanisms 

behind the augmented response of CIV-inoculated alveolar macrophages to LPS.  
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Figure D-1.  TNF-α production from Canine/FL/04- and mock- inoculated DH82 cells, 

1ng/ml lipopolysaccharide (LPS) added 3 hours after inoculation. DH82 cells 
were virus- or mock inoculated. After 3 hours, 1 replicate each of virus- and 
mock-inoculated cells were exposed to 1ng/ml LPS. n=1 for each group.  

 

 
Figure D-2.  TNF-α production from Canine/FL/04- and mock- inoculated DH82 cells, 

10ng/ml LPS added 3 hours after inoculation. DH82 cells were virus- or mock 
inoculated. After 3 hours, 1 replicate each of virus- and mock-inoculated cells 
were exposed to 10ng/ml LPS. n=1 for each group. 
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Figure D-3.  TNF-α production from Canine/FL/04- and mock- inoculated DH82 cells, 

100ng/ml LPS added 3 hours after inoculation. DH82 cells were virus- or 
mock inoculated. After 3 hours, 1 replicate each of virus- and mock-inoculated 
cells were exposed to 100ng/ml LPS. n=1 for each group. 

 

 
Figure D-4.  TNF-α production from Canine/FL/04- and mock- inoculated DH82 cells, 

100ng/ml lipoteichoic acid (LTA) added 3 hours after inoculation. DH82 cells 
were virus- or mock inoculated. After 3 hours, 1 replicate each of virus- and 
mock-inoculated cells were exposed to 100ng/ml LTA. n=1 for each group. 
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Figure D-5.  TNF-α production from Canine/FL/04- and mock- inoculated DH82 cells, 

1000ng/ml LTA added 3 hours after inoculation. DH82 cells were virus- or 
mock inoculated. After 3 hours, 1 replicate each of virus- and mock-inoculated 
cells were exposed to 1000ng/ml LTA. n=1 for each group. 
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