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The ability of influenza viruses to transmit across species and to reassort is a 

major concern for human and animal health. These two events can result in the 

emergence of new virus strains of pandemic potential. It is highly likely that sometime in 

the future a new influenza A virus will emerge from the animal reservoir and cause 

widespread disease in mammalian species similar to what happened in 1957 and 1968 

with the Asian and Hong Kong pandemics and more recently with the 2009 H1N1 

pandemic. All these viruses arose from reassortment events between avian and human, or 

between avian, swine, and human influenza A viruses. 

 

The pig has been suggested to be the “mixing vessel” capable of generating 

reassorted influenza viruses due to the presence of both avian and human influenza A 

virus receptors expressed by respiratory tract epithelial cells (Ito et al., 1998). As pigs can 

be infected with swine, human and avian influenza viruses and thus potentiate cross-

species influenza transmission, the occurrence of influenza infections in pigs is not only a 

problem in pig production, but also poses two important public health issues: zoonotic 

infections to people with influenza viruses of swine origin and the potential for pigs to 

serve as hosts for the creation of novel viruses with potential pandemic risk to humans. 

 

In pigs, influenza is a highly contagious viral disease that affects the pig’s 

respiratory tract. Influenza virus tends to spread easily in completely susceptible 

populations (Shope, 1931; Renshaw, 1970; Madec et al., 1983) and influenza virus is 

considered endemic in U.S. swine herds. The economic cost of the disease and the role of 

influenza virus in respiratory infections have been underestimated due to the subclinical 
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presentation of the disease. Therefore it is likely that influenza infections are causing 

significant losses to producers in the U.S.  

 

The control of influenza virus in swine herds is highly dependent upon effective 

vaccines. Currently, the licensed commercial vaccines available in the US and worldwide 

are based on inactivated whole virus preparations with H1N1 and H3N2 viral strains. 

Licensed commercial vaccines may or may not provide solid protection depending on the 

level of cross-protection against circulating viruses in a region, a farm, or a system. In 

order to match circulating influenza viruses in the field, autogenous vaccines have 

become available and are widely used in the U.S. Vaccines are effective at reducing 

clinical signs and virus excretion (Heinen et al., 2001; Van Reeth et al., 2001) but limited 

information is available on how influenza vaccines affect influenza transmission and 

what role vaccines play in preventing influenza spread within populations.  In addition, 

vaccines have an effect on virus replication which may in turn affect the diagnostic 

ability to detect virus in populations and subsequent surveillance efforts.  

 

Transmission is the first step for viral replication in a population. The success of 

transmission of an infectious agent is measured by the probability of successful transfer 

of a virus given a contact between an infectious source and a susceptible host (Halloran, 

2001). By quantifying transmission in controlled experiments we can answer questions 

regarding to the dynamics of infection, the spread of a pathogen, and the effects of 

vaccination on transmission in a population setting.   
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Understanding  the effect of vaccines in the transmission dynamics of influenza 

virus is key in discerning what measures may be needed to prevent not only the spread of  

the disease in pigs  but also the spread of the virus from pigs to humans and to other 

animals. The objective of Chapter 2 is to evaluate the effect of vaccination in reducing 

the spread of a triple reassortant H1N1 influenza virus in a population using an 

experimental setting and a stochastic model. Moreover, the effect of vaccination is further 

evaluated by using both an experimental autogenous vaccine and a licensed heterologous 

commercial vaccine to reflect widely used practices in the field.  

 

The emergence of the novel pandemic 2009 H1N1 (2009 pH1N1) influenza virus 

that affected humans, pigs, and poultry, complicates the epidemiology of endemic swine 

influenza and questions remain whether swine may become a reservoir for further 

reassortment that may produce novel viruses of potential threat for pigs and humans. The 

novel strain is well transmitted in swine populations (Lange et al., 2009) and it has 

become established in North American swine herds and other herds worldwide. 

Preexisting immunity in swine to currently circulating H1 influenza A viruses in the US 

and Europe may provide some level of protection in pigs against the pandemic strain 

(Kyriakis et al., 2010; Lorusso et al., 2010; Vincent et al., 2010a). However, there is 

limited information on how the natural occurring infection with the pandemic 2009 H1N1 

can modulates transmission of other swine influenza viruses. Therefore, a case report of 

an infection with the novel pandemic strain in naturally infected pigs is reported in 

Chapter 3. Subsequently, evaluation on how previous immunity induced by natural 
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infection against the 2009 pH1N1 affects the transmission of a homosubtypic 

heterologous influenza virus in convalescent pigs is evaluated. 

 

The extreme variability of influenza A viruses found in pigs and the capacity for 

these viruses to transmit across species necessitates the development and validation of 

new tools to facilitate influenza surveillance. The main goals of surveillance are to detect 

and identify circulating influenza viruses in swine to understand the epidemiology of 

influenza virus in farms, and to select proper isolates for development of effective 

autogenous or commercial vaccines to match circulating influenza viruses in the field. In 

the last two years, the use of oral fluid specimens has been developed and validated to 

detect swine pathogens and facilitate surveillance of viruses in commercial pig farms. 

Oral fluids can be used to detect influenza virus but there is no information on their 

sensitivity to detect influenza viruses under field conditions influenced by low prevalence 

scenarios and vaccine status. In Chapter 4, we evaluated the sensitivity of oral fluid 

specimens to detect influenza virus in pig populations and we determined how 

vaccination affects the ability to detect influenza virus in oral fluid samples. 

 

The overall aim of this thesis is to determine how immunity induced by either 

vaccination or previous infection affects transmission of influenza viruses and also how 

vaccination affects the diagnostic detection of influenza viruses in oral fluids. Our 

hypothesis is that both vaccination and prior exposure will reduce transmission of 

homosubtypic heterologous viruses in pig populations and that transmission will be 

further affected by the type of vaccine used, whether homologous or heterologous. 
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Because vaccination has an effect on virus shedding, we also hypothesize that 

vaccination will have an effect on the sensitivity of detection of influenza viruses in oral 

fluids collected from groups of pigs. Furthermore, we hypothesize that the overall 

sensitivity of detection of influenza virus in oral fluids will be lower than detection by 

conventional methods (such as nasal swab collection) in individual animals.  

   

The information derived from this thesis will provide veterinarians, researchers 

and health officials with new information regarding influenza transmission and 

diagnostics that will be helpful for developing better influenza prevention and control 

programs for preventing influenza transmission in pigs and also will facilitate ways to 

prevent transmission from pigs to people and from pigs to other animal species.  
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1.1 Influenza virus 

Influenza viruses are members of the Orthomyxoviridae family. The virus is a 

negative-sense single-stranded RNA virus with a segmented genome (7 to 8 separated 

segments), which encodes for 11 different viral proteins (Olsen et al., 2006; Lamb et al., 

2007). Three different types of influenza virus exist: influenza A, influenza B, and 

influenza C, defined by the nucleocapsid protein (NP) and the matrix proteins (M1 and 

M2). Influenza type A viruses are divided into subtypes based on two antigenic proteins 

on the surface of the virus, the hemagglutinin (HA) and the neuraminidase (NA). Both 

proteins are embedded into the lipid envelope of the virus, form characteristic spikes 

visible under electron microscopy, and are responsible for the viral attachment and the 

viral release from the host cells (Skehel et al., 2000). In addition, and HA protein is 

considered the most important determinant of host specificity (Nicholls et al., 2008). 

There are 16 different HA subtypes and 9 different NA subtypes and the combination of 

the HA and the NA in a virus defines the subtypes. Other viral proteins are internal 

proteins such as polymerases PB1, PB1-F2, PB2 and PA, and non-structural proteins NS1 

and NS2. Moreover, type A viruses can be broken into different strains. Influenza type B 

viruses mainly infect human and are not divided into subtypes, but can also be 

characterized into different strains. Of the three types, only influenza A viruses can infect 

a variety of species, including humans, swine, equines, canines, felines, marine mammals 

and avians.  
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1.1.1 Influenza virus infection in pigs 

Pigs are susceptible to infection with a wide range of influenza type A viruses (Ito 

et al., 1998). This is because cells of pig respiratory epithelia express receptors for both 

mammalian and avian influenza viruses (N-acetilneuromaminic acid-α2,3 galactose and 

N-acetilneuromaminic acid-α2,6 galactose linkages). The continued replication of avian 

and human influenza viruses in pigs has led to the emergence of new reassortants by 

antigenic shift or to antigenic changes in the HA protein of swine influenza strains by 

antigenic drift. Following transmission and independent spread of avian or human 

influenza A viruses to pigs, these viruses are generally referred to as “avian-like” swine 

or “human-like” swine influenza A viruses, reflecting their previous host and their 

molecular characterization. 

 

There are three main subtypes that have been isolated in pigs: H1N1, H1N2, and 

H3N2. In addition, H1 viruses can be further subdivided in four phylogenetic clusters (α, 

β, γ, and δ) which are now endemic in U.S. swine (Vincent et al., 2009). Until 1998, for 

the most part, only one strain of influenza A virus was endemic in U.S. swine herds, the 

classical H1N1, which is genetically related to the human H1N1 viruses responsible for 

the 1918 Spanish influenza pandemic (Hinshaw et al., 1978; Chambers et al., 1991; 

Schultsz et al., 1992). However, in 1998, a double (human-swine) and a triple (human-

swine-avian) H3N2 reassortants emerged in swine populations. The triple reassortant 

H3N2 were demonstrated to have acquired HA, NA, and PB1 genes from human origin, 

PA and PB2 genes of avian virus origin, and the remaining internal genes, NP, M, and 

NS, of swine origin (Zhou et al., 1999; Karasin et al., 2000a; Webby et al., 2000). Other 
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genetic variants that emerged during the last decade include the H1N2 reassortant in 1999 

(which originated from reassortments between classical H1N1 and H3N2) (Karasin et al., 

2000b; Choi et al., 2002) and new reassortant H1N1 viruses with less predictable cross-

reactivity with the classical H1N1 (Vincent et al., 2006). All the recent novel swine 

influenza reassortants maintain the triple-reassortant internal gene cassette called the 

TRIG cassette, which appears to accept multiple HA and NA types and could provide a 

selective advantage to swine viruses (Vincent et al., 2008a; Ma et al., 2010). 

 

In pigs, influenza A virus produces a highly contagious respiratory acute viral 

disease, it is endemic in most of the swine populations around the world, and it is one of 

the primary pathogens involved in porcine respiratory disease complex (Thacker et al., 

2001). The severity of the disease is determined by age, viral strain, concurrent infection, 

and by the immune status of the animals (Vannier et al., 1985; Heinen et al., 2001; Van 

Reeth et al., 2001, 2009; Vincent et al., 2009). The virus tends to spread easily in 

susceptible populations (Renshaw, 1970; Madec et al, 1983; Lange et al, 2009), and once 

a herd becomes infected with influenza it is likely to become endemically infected and 

experience recurrent episodes of acute disease facilitated by the continual production of 

young pigs and the introduction of new naïve stock (Brown, 2000). In the field, 

subclinical infections are very common and many pigs become infected with one or more 

influenza virus subtypes without showing clinical signs (Van Reeth et al, 1996; Vincent 

et al., 1997; Choi et al., 2002). Consequently, this has led to underestimate the 

importance of influenza virus as a cause of respiratory disease in pigs.   
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The lungs are the major target organ for influenza viruses, and infection in pigs is 

limited to the respiratory tract. Influenza virus replicates in epithelial cells of the nasal 

mucosa, tonsil, trachea, and lungs (Brown et al., 1993) thus nasal secretions are the 

primary route of virus excretion. After an incubation period from 1 to 3 days, pyrexia, 

anorexia, inactivity and reluctance to rise are characteristic clinical signs of the acute 

infection (Olsen et al., 2006). Other clinical signs such as nasal discharge, cough, or 

sneezing can also be observed, but are more often related to secondary co-infections. The 

virus can be detected as early as 1 day post infection from nasal secretions and usually 

last until 7 days post infection (Van Reeth et al., 1996). Although there is a rapid virus 

clearance in the lungs, the length of shedding in nasal secretions can vary depending on 

the infective dose and whether it is a natural or experimental infection.  

 

1.1.2 The pandemic H1N1 2009 influenza virus 

The novel pandemic H1N1 2009 (2009 pH1N1) influenza virus that affected 

humans since April 2009 is genetically related to North American influenza viruses found 

in pigs that acquired two gene segments (NA and M) from the European avian-like swine 

lineages (Dawood et al., 2009). However, the constellation of the 8 gene segments in the 

2009 pH1N1 suggests that progenitors of the pandemic virus were not present in US pigs 

immediately before to 2009 (Lorusso et al., 2010). 

 

The virus is becoming more and more prevalent in US swine herds, and all 

evidence indicates that the initial spread of the virus in pigs occurred throughout human 

to pig transmission. Pandemic H1N1 2009 outbreaks in pigs were reported in Canada, 
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Argentina, Norway, Australia and around the world during 2009, and in most of the 

cases, epidemiological investigations concluded that infected pigs had been in contact 

previously with infected people (DAFF, 2009; Hofshagen et al., 2009; Howden et al., 

2009; Lorusso et al., 2010; Pereda et al., 2010).  

 

Clinical signs observed in infected pigs with the pandemic virus in the field have 

been similar to those of endemic swine influenza. In experimentally inoculated pigs, the 

presence of fever varied between studies from above 40°C in the first days post infection 

with the A/California/07/09 (Vincent et al., 2009, 2010a; Brookes et al., 2010) to no fever 

in inoculated pigs infected with an European pandemic human isolate (Busquets et al., 

2010). Lethargy, nasal discharge, and with a lower frequency cough could be observed in 

infected pigs during the first 5 days post infection (dpi). Diarrhea associated to the 

compromised general condition of the pigs during the acute phase of infection was 

reported sporadically in experimentally infected 10 weeks-old pigs (Lange et al., 2009). 

 

The 2009 pH1N1 could be transmitted from infected to naïve pigs, but not from 

infected pigs to chickens (Brookes et al., 2009; Vincent et al., 2010a). Pandemic H1N1 

2009 virus has only been isolated in pigs from respiratory tract tissues, but viral RNA 

was detected in serum at 5 dpi from 2 of 4 experimentally infected pigs (Vincent et al., 

2010a). Nasal shedding started at 1 dpi, the peak of shedding was observed at 4 to 6 dpi, 

and intermittent low excretion was detected between 10 to 16 dpi (Lange et al., 2009; 

Brookes et al., 2010). 
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Natural infection with influenza virus stimulates mucosal and systemic cellular 

immune responses to conserved viral epitopes, and partial protection with an 

antigenically unrelated strain can occur despite the fact that both strains may show low 

cross-reactive antibodies (Van Reeth et al., 2003; Grebe et al., 2008; De Vleeschawer et 

al., 2010). However, the protection conferred by inactivated influenza vaccines is 

dependent on serum HI titers. Several studies have assessed the effect of the 2009 pH1N1 

in pigs, as well as the cross-protection and serologic cross-reactivity between H1N1 

influenza A viruses currently circulating in pig populations and the 2009 pH1N1 

(Brookes et al., 2009, 2010; Lange et al., 2009; Vincent et al., 2009, 2010b; Busquets et 

al., 2010; Kyriakis et al., 2010a, 2010b; Lorusso et al., 2010; De Vleeschauwer et al., 

2010). Kyriakis et al (2010) suggested that preexisting immunity to the established 

influenza strains due to infection, partially protected pigs in Europe against 2009 pH1N1. 

De Vleeschauwer et al (2010a) also suggested that immunity induced by infection with a 

European avian-like H1N1 swine influenza virus affords cross-protection against the 

2009 pH1N1. Initial studies conducted in the U.S. suggested that the current available 

inactivated vaccines only provided limited protection against infection with the pandemic 

virus, and limited serologic cross-reactivity was found between the 2009 pH1N1 and 

contemporary H1 swine influenza viruses belonging to the four H1 clusters (isolates from 

1999 to 2008) (Vincent et al., 2010b). However, more recent mapping of the 2008 H1 

field isolates circulating in US swine populations and representing the four H1 clusters 

showed moderate cross-reactivity between pandemic antisera and the γ-cluster influenza 

isolates (from 1:80 to 1:160), decreased cross-reactivity (from 1:10 to 1:160) between the 

pandemic antisera and the α and β cluster influenza isolates from US pigs, and no cross 
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reactivity between 2009 pH1N1 antisera and viruses belonging to the δ-cluster (Lorusso 

et al., 2010). 

 

In the U.S., several strains of influenza viruses are currently co-circulating in US 

swine herds. Forty-six of the field isolates recovered during 2009 and 2010 belong to the 

H1N1 subtype and forty percent to the δ cluster related to the H1 (Dr. Gramer personal 

communication). However, little is known about how preexisting immunity can select the 

strains that may become established in pig populations and how transmission and spread 

of currently circulating H1N1 influenza viruses in pigs immune to the pandemic virus 

may take place. 

 

1.2 Transmission 

1.2.1 General concepts of transmission 

Transmission is the transfer of a pathogen from an infected animal to a previously 

susceptible animal as a survival strategy for most infectious agents (Halloran, 2001), and 

it is classified as horizontal or vertical, and by direct or indirect route.  

 

Direct transmission occurs when a susceptible animal contracts an infection, 

either through physical contact with an infected host, or with its infected body fluids. The 

key determinant for direct transmission is the infectivity of the microorganism and the 

susceptibility of the host (Stärk., 1999; Hagenaars., 2008). Infectivity is the minimum 

dose of an organism required to initiate infection in a susceptible host, and varies 

depending on pathogens and among strains of the same pathogen (Cho et al., 2006). At a 
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herd level, introduction of infected stock or semen from external sources are major risks 

for disease introduction onto swine farms, as well as the presence of naïve subpopulations 

(Torremorell et al., 2004). 

 

Indirect transmission occurs when there is an intermediate vehicle that transmits 

the agent (actively or passively) between infected and susceptible hosts. Airborne 

transmission has long been implicated in pathogen transmission (e.g. foot and mouth 

disease, pseudorabies virus, influenza virus, porcine reproductive and respiratory 

syndrome virus (PRRSV), and Mycoplasma hyopneumoniae) among swine herds, 

particularly in areas of high farm density in Europe (Goodwin., 1985; Stärks., 1999; 

Hagenaars., 2008). In the US, recurrent disease introductions, particularly with PRRSV 

and M. hyopneumoniae in herds with ‘state of the art’ biosecurity, have brought up more 

attention to the role of airborne transmission. Airborne transmission is difficult to 

reproduce experimentally as it is likely to be a low risk event under most conditions. 

However, recent research has confirmed the ability of PRRSV and M. hyopneumoniae to 

be conveyed up to 9.1 km in aerosols (Dee et al., 2010), consistent with earlier 

epidemiological inferences (Goodwin et al., 1985; Stärks, 1999).  

 

Vehicles of mechanical transmission between farms include personnel, 

equipment, clothes, water, transport vehicles, feed, birds, and insects. Equipment used on 

farms can disseminate microorganisms, and survival on these surfaces is enhanced by the 

presence of organic matter (Dee et al., 2004). Vehicles used to transport animals 

constitute an obvious risk as they may move between farms as well as to slaughterhouses 



 

 16

where the risk of contamination is high. Hagenaars et al (2008) considered that all 

indirect transmission events between herds involve a sequence of three processes: a) 

animals from infected farms excrete infectious material that exits the farm, b) the 

infectious material is transported to a susceptible farm or its vicinity and infectious agent 

survives the transport phase, and c) susceptible animals on a susceptible farm become 

infected after exposure to a sufficient dose of the infection. Stability and survivability of 

the infectious agents outside the host are key determinants of the risk of mechanical 

transmission and survivability varies (minutes to decades) among organisms, and 

according to environmental conditions. 

 

1.2.2 Influenza virus transmission 

Pigs can be infected with swine, human and avian influenza viruses and therefore 

transmission of influenza is not only limited to within species transmission events, but 

also to interspecies events (Kundin et al., 1970; Choi et al., 2004; Beigel et al., 2005; 

Yang et al., 2007). In addition, interspecies infections can occur in both directions. 

 

Direct transmission  

Influenza virus infections in pigs are almost invariably limited to the respiratory 

tract. As a result, respiratory tract secretions are of overriding importance in flu 

transmission. In confined populations, the primary route of virus transmission is through 

pig to pig contact, with virus exiting via the nasopharyngeal route and disseminated 

through droplets or aerosols (Stärk., 1999). Sneezing has a higher potential for influenza 

transmission than cough in a close direct face to face challenge due to the higher number 
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of particle produced (105) and the droplet size characteristics (<10μm) (Atkinson and 

Wein, 2008; Chen et al., 2009).  

 

Indirect transmission 

For environmental contamination to constitute a source of infection, the virus 

must remain infectious and persist at adequate concentrations to maintain an infectious 

dose at the level of the respiratory tract of pigs (Thomas et al., 2008). One broad 

generalization is that enveloped virions such as influenza A viruses are less stable in the 

environment than non-enveloped virions (Lai et al., 2005). However, under field 

conditions, virus stability is difficult to assess. Few experimental studies have been 

conducted to assess the transmission of influenza virus between herds through fomites, 

air, or water. Opinion is largely extrapolated from studies of human and avian influenza 

viruses that have demonstrated that indirect transmission of influenza viruses in humans 

and birds can occur via water, food, air, contaminated fomites or feces.  

 

Interspecies transmission 

Interspecies infections of influenza viruses can occur. Specific subtypes differ in 

their ability to cross species barriers and in their maintenance in the new species (Brown 

et al., 1993). Waterfowl, especially ducks, are reservoir hosts for avian influenza viruses 

(Webster et al., 1978; Hinshaw et al., 1980). Most wild avian species remain clinically 

unaffected by influenza infections, and may carry the virus long distances along 

migratory routes (Stallnecht et al., 1988). Infected birds spread the disease through feces, 
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nasal secretions and saliva. Avian influenza viruses can spread between poultry farms by 

several routes, particularly by mechanical transfer of infective feces (EFSA, 2005).  

 

Pigs can be infected with a wide range of avian and human influenza viruses, and 

avian H4N6, H3N3, H1N1 and H5N1 viruses have been recovered from pigs in Canada, 

China and Vietnam (Karasin et al., 2004). Furthermore, Seo et al (2001) demonstrated the 

efficient replication of 15 strains of avian influenza in cell lines from pig lungs. 

 

Influenza viruses are transmitted person to person predominantly via mucous 

membrane exposure to infectious respiratory secretions discharged initially as large 

droplets (a form of direct contact). People can also transmit influenza viruses to pigs 

(Kundin et al., 1970; Bikour et al., 1995; Gramer et al., 2007a). The first confirmed case 

of human H3N2 influenza virus in pigs occurred in Taiwan in 1970 (Kundin et al., 1970). 

In addition, human H1N1 viruses have been discovered in swine populations world-wide 

and serological surveillance suggests that the prevailing human H1N1 viruses are readily 

transmitted to pigs (Brown et al., 1993). Until 2009, with the pandemic H1N1 2009, there 

was only limited evidence of maintenance of human H1N1 influenza viruses after natural 

introduction into swine populations, but human H3N2 viruses had been recovered 

frequently from pigs in Asia and Europe (Katsuda et al., 1995; Nerone et al., 1995). In 

North America, introduction of a human H3N2 influenza virus into pigs was likely a 

critical factor in the emergence of the reassortant viruses that now are circulating in the 

U.S. swine population (Gramer et al., 2007a).  

 



 

 19

Viruses of H1N1 lineage have been the predominant influenza virus strain among 

pigs in North America since their first isolation in 1930 (Shope, 1931), and sporadic 

infections of humans with swine influenza viruses illustrate the zoonotic potential of the 

virus. Swine influenza virus has been occasionally isolated from human respiratory 

secretions or lungs in Europe, Asia and the U.S. (Wentworth et al., 1978, 1997; Swenson 

et al., 2008). The majority of zoonotic swine influenza virus infections have involved 

individuals in direct contact with pigs, and seroposivity was statistically associated with 

being a farm owner, farm family member, or living in a farm (Olsen et al., 2002a; Myers 

et al., 2006; Newman et al., 2008). In addition, transmission of influenza virus from pigs 

to humans remains a public health threat of potential pandemic dimensions.  

  

Outbreaks with swine influenza virus have been reported in turkey farms, and a 

swine-like reassortant H1N2 influenza virus was isolated from a wild duck in the U.S. 

(Lipkind et al., 1984; Choi et al., 2002; Olsen et al., 2003). Human infections with avian 

influenza viruses were considered rare events and until recently it was thought that avian 

influenza virus transmission to humans must occur via the pig as an intermediate host. 

However, during the last decade there has been a significant increase in the reported 

number of avian influenza infections in humans, including infections caused by highly 

pathogenic H7N7 and H5N1 influenza viruses (Tiensin et al., 2004; Beigel et al., 2005). 

 

1.3 Modeling transmission 

The success of transmission of an infectious agent is measured by the probability 

of successful transfer of the microorganism given a contact, between an infectious source 
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and a susceptible host (Halloran, 2001). The purpose of measuring the transmission 

probability is to answer questions in regards to the potential for disease transmission, the 

dynamics of infection at the population level, and the impact of disease control strategies 

(De Jong and Kidman, 1994; Meyns et al., 2004, 2006). The data needed to calculate this 

probability can be obtained from field observations (sampling animals during an 

outbreak) or by performing experimental transmission studies.   

 

The simplest model that can help to quantify the potential for disease transmission 

and the impact of disease control strategies is the simple binomial model of transmission. 

The basis of this model is that exposure to infection occurs through a number of contacts 

and that each contact is independent of another. There are two basic assumptions: 

      1- Each contact is independent of another 

      2- All the contacts are equally infectious 

 

If  p is the probability of a susceptible animal to become infected during a contact 

with an infectious animal, the probability that the susceptible animal will not be infected 

or escape  the infection is given by q= 1 - p. When the number of contacts made by a 

susceptible animal is n, the probability of being infected after n contacts is 1- qn  or 1- (1- 

p)n  (Halloran, 2001).  

Furthermore, another approach to modeling the probability of becoming infected 

can assume that contact occurs in continuous time. In this case, the probability of being 

infected if the exposure occurs over some time period ∆t, the probability of escaping to 

the infection is q=1-cp∆t and the probability to become infected is 1-(1-cp∆t), where c is 
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the contact rate with an infectious animal per unit of time. In both cases, the data 

available has to provide information about the infectious status of the animals with 

contact. 

 

From these simple binomial models, we can estimate the role that some risk 

factors or interventions may play in the probability to become infected during a contact 

between an infectious and a susceptible animal, and a key parameter to quantity 

infectious disease transmission risks is the basic reproduction number or R0. R0 is 

defined as the expected number of new infections that one infectious host will produce 

during his infectious period in a population that is completely susceptible (Dieckman et 

al., 1990). When the population is not completely susceptible, R0 is namely reproduction 

number or R. R0 is the product of the contact rate c, the duration of the infectious period 

t, and the transmission probability per contact with the infectious host p. 

 

 R0= number of contacts per unit of time × transmission probability per contact  

                                    × duration of infectiveness 

 

The concept of R0 is frequently used in veterinary epidemiology to study the 

transmission dynamics of infectious diseases and also to quantify the effect that 

interventions such as vaccination have on transmission (De Jong and Kidman, 1994; 

Bouma et al., 1997; Nodelijk et al., 2004; Van der Goot et al., 2005; Meyns et al., 2006). 

R0 is a measure of the potential spread of an infectious pathogen, and the concept can be 

used to evaluate transmission of an infection between animals (Dewulf et al., 2002) or 
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between herds (Stegeman et al., 2004). When R0>1, the pathogen can spread within the 

populations, and when R0<1 the infection will fade out, or may produce a minor 

outbreak, because each individual infects less than one another individual. De Jong 

(1995) designed the relationship between the value of R0 and the expected fraction of 

animals infected in a population.  

 

Numerous studies have been designed and performed to quantify the transmission 

of viral, bacterial and parasitic diseases in humans and animals. In humans the studies to 

quantify R0 have been mainly based on observational data, but in animals studies have 

been mostly based on experimental data (Nodelijk et al., 2001; Glass et al., 2002). 

 

Mathematical epidemiological models, like the simple binomial model mentioned 

before, have been used to describe dynamics of transmission. However in transmission 

experiments, the stochastic model is the most commonly model used to quantify 

parameters of transmission in field trials. The stochastic model is a probabilistic model 

which can mimic the true transmission pattern of a disease. There are different stochastic 

models depending on the dynamics of the infection. The most common model for viral 

diseases is the SIR model (Susceptible-Infectious-Recovered). This model assumes that a 

susceptible animal become infected, the animal is infectious for a certain period of time, 

and finally the animal is recovered from the infection and fully immune. Depending on 

the infection pattern of the infectious agent, there are different stochastic models. 
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In the SIR model, the number of contact infections is proportional to the number 

of infectious animals (I), the probability of contact between infectious and susceptible 

animals (S), the total number of the population (N), the duration of the infectious period 

(t), and the chance of transmission when a contact occurs (β) (De Jong, 1995). The 

recovery rate is α which can be estimated as 1/t, and the R0 can be calculated as β/α. 

Interventions such as vaccines, can result in lower excretion (decrease of t), or in an 

increase resistance to infection (decrease of β). That means a decrease of the infectivity 

and a decrease of the susceptibility of the infected animal. 

 

To perform transmission experiments, a number of susceptible animals (S) are put 

in contact with a number of infectious animals (I), and data to classify the status (S or I) 

from each animal has to be recorded. In general the experiment ends when S=0 and I=0.  

 

Transmission parameters from the experimental data recorded can be calculated 

using three methods: the Generalized Linear Model (GML), the Final Size method (FS), 

and Martingale Estimations (Becker, 1989; De Jong, 1994, 1995; Kroese and De Jong, 

2001; Bouma et al., 2009). The selection of one of the three approaches depends on the 

data available. For example, when the status of each animal is available in a daily basis, 

or when the transmission chain is not ended, the GLM is more accurate in calculating the 

transmission parameters and R0. In this model, the change of numbers in susceptible and 

infectious pigs per unit of time is defined as (S,I): (S-1, I+1), and the probability for a 

susceptible animal to become infected is p=1-e-β*∆t*I/N .  
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The values of R0 for influenza virus in human, chicken and horses have been 

determined using transmission experiments for animals, epidemiological data for human, 

as well as by computer-simulated infections. From experimental data, the R0 of influenza 

virus in horses was calculated to be 10.18 (Glass et al., 2002). For an H7N7 avian 

influenza virus transmission between flocks in 2003, the value of R0 was 6.5 at initial 

spread, and after completed depopulation of the infected areas was done as intervention 

R0 was reduced to 1.2 (Stegeman et al., 2004). The human to human transmission of the 

avian influenza H5N1 was estimated at 1.16 (Yang et al., 2007), and the most recent 

estimation has been human to human transmissibility of the pandemic H1N1 2009 in 

different countries, showing a range from 0.5 in the Netherlands to 2.6 in Japan (Hahne et 

al., 2009; Nashiura et al., 2009).  

 

1.4 Control 

1.4.1 Vaccines 

The first line of defense against influenza virus infection in pigs is the immune 

response at mucosal surfaces of the upper respiratory tract. Secretory IgA which are 

produced at the mucosal level have been correlated with protection from influenza 

infection (Clements et al., 1986). After experimental infection with influenza A virus, 

IgA is the predominant isotype in nasal washes and bronchoalveolar lavages from 

infected pigs, and IgG is the predominant isotype in serum (Larsen et al., 2000). However 

a prior study identified IgG as the predominant isotype in the lower respiratory tract 

(Heinen et al., 2000).  
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After natural infection, serum IgG and IgA specific for influenza HA protein peak 

at 2-3 weeks after primary infection. However, while local mucosa antibody levels (IgA 

and IgG) increase after re-challenge with the same virus, serum IgG titers do not increase 

substantially, suggesting that the systemic immune system is not stimulated by viral 

antigen during re-challenge (Larsen et al., 2000). The role of antibodies is to block the 

binding of the HA protein and are responsible for much of the protection by natural or 

vaccine induced immunity to antigenically closely related viruses. As mentioned before, 

antibodies at the mucosal level against the HA protein and not at the systemic level are 

the key to protect the respiratory tract against influenza, and IgA has been shown to be 

more cross-reactive than IgG against heterologous strains from the same serotype (Larsen 

et al., 2000). The role of the cellular immune response is crucial in the clearance of the 

virus and recovery. When strains are not cross-related, antibodies rise against other viral 

proteins. 

 

 Cell mediated immunity (CMI) in natural infections clearly plays a key role in 

the heterologous homosubtypic and heterosubtypic cross-reactive immune responses 

against influenza virus infection. This can be seen when natural infection against H1N1 

and H3N2 viruses simultaneously confer complete protection against an H1N2 infection, 

but inactivated vaccines containing H1N1 and H3N2 viruses do not always protect 

against an H1N2 virus challenge (Van Reeth et al., 2003, 2004).  

 

In the control of influenza in pig farms, vaccination of animals is one of the 

preferred strategies. Currently, the licensed commercial vaccines available in the US and 
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worldwide are based on inactivated whole virus preparations with H1N1 and H3N2 viral 

strains. There is increased of genetic diversity of influenza A viruses circulating in the 

U.S. during the last decade, and thus inactivated influenza vaccines for pigs have shown 

limited ability to cross-protect against heterologous, homosubtypic challenge (Vincent et 

al., 2008b). Therefore, cross protection is crucial for the control of influenza in swine 

because only inactivated vaccines are available, and unlike human vaccines, the vaccine 

strains are not updated each year. In the U.S. during the last decade, the use of 

autogenous vaccines prepared with the isolate or isolates recovered from a specific farm 

or system, and used only in that farm or specific system is increasing, with the goal to 

match circulating influenza viruses in the field.  

 

Influenza vaccination in the U.S. is mainly used for sows to stimulate maternally 

derived antibodies (MDA), and to protect young pigs. However, MDA do not prevent 

influenza infection and only confer partial protection (Loeffen et al., 2003). Furthermore, 

MDA can interfere with influenza inactivated vaccination in young pigs and even can 

contribute to enhanced pneumonia in young pigs vaccinated intramuscularly with an 

inactivated vaccine and challenged with a heterologous influenza virus from the same 

serotype (Kitikoon et al., 2006). 

 

In human and horses, both inactivated and attenuated live licensed vaccines are 

currently used to control annual epidemics and infrequent pandemics, demonstrating their 

stability, safety, and effectiveness (Toensed et al., 2001; Belshe et al., 2005; Paillot et al., 

2006). Recently in pigs, the development of attenuated modified live vaccines (MLV), 
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subunit vaccines and truncated attenuated virus which stimulate humoral and cellular 

immune mechanisms may be able to improve homosubtypic and heterosubtypic 

protection (Kitikoon., 2009;Vincent et al., 2007). Vaccination with live attenuated virus 

by the intranasal route in pigs has been found to be more efficacious than vaccination 

with inactivated influenza virus when virus strains are not matched in experimental 

infections (Vincent et al., 2007). These new experimental vaccines try to elicit broad 

neutralizing antibodies to high conserved proteins (e.g. NP, M2) and to mimic natural 

exposure to the virus with the main goal of increasing the cross-protective immunity. 

 

The other components of a comprehensive control program include biosecurity 

practices, education and surveillance and are essential to influenza control because 

vaccines alone are not able to prevent transmission and introduction of new strains. 

 

1.4.2 Biosecurity 

Appropriate biosecurity measures are important to prevent the introduction and 

spread of endemic and epidemic infections (Amass, 2005). Good biosecurity practices 

also have other objectives such as reducing or eliminating antibiotic use, improve 

productivity and to achieve a high health status.  

 

For influenza A virus, a key point in biosecurity is to identify the external sources 

of infection and which of these potential sources offer the greatest risk for influenza 

introduction into a herd. The risk rankings can also vary from farm to farm. The external 

sources for influenza include: genetic stock or new pig introduction, personnel, birds, 
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water, manure, vehicles, and other fomites (Hinshaw et al., 1980; Bean et al., 1982; 

Myers et al., 2006; Tellier et al., 2006; Poljak et al., 2008). Most of the standard 

biosecurity protocols in place in pig farms to prevent introduction of pig pathogens by 

aerosols, fomites, vehicles, and manure are also useful for influenza viruses (Dee et al., 

2004, 2005, 2009; Batista et al., 2004). However, because influenza can be transmitted 

from pigs to people and people to pigs, additional measures need to be taken by farm 

personnel and visitors when visiting the farms.  

 

The Occupational Safety and Health Administration OSHA® as well as the 

National Pork Board (NPB) (http://www.osha.gov/Publications/influenza-workers-pigs-

factsheet.pdf; http://www.aasv.org/public/090424SIVproducerrecommendations.doc) 

have advisory recommendations for commercial swine workers and pork producers 

related to influenza to provide health and safety guidance to employers working in swine 

farms and stay in close contact with pigs.  The goal of these recommendations is not only 

to protect workers from getting infected with flu, but also to protect pigs from people 

with flu and to reduce the chance of carrying the virus outside the worksite. The 

guidelines describe below include hygiene practices, use of personnel protective 

equipment (PPE), and use of respirator.  The recommendations include: 

- Implement strict sick leave policies for workers presenting influenza-like 

symptoms and encourage workers to report if members of their household present flu 

symptoms as well as to limit visitors to swine facilities. 

- Cover nose and mouth with tissue when coughing or sneezing inside the 

premises.  Touching eyes, nose and mouth is not recommended in order to avoid 

http://www.osha.gov/Publications/influenza-workers-pigs
http://www.aasv.org/public/090424SIVproducerrecommendations.doc
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transmission to pigs and vice versa. Hands should to be washed using soap and water for 

20 seconds before and after contact with pigs, after contact with contaminated surfaces, 

and before and after use of PPE. 

- Enforce the use PPE, which implies coveralls, rubber boots or disposable shoe 

covers, disposable gloves, safety glasses, disposable hair covers, and respirators. All the 

PPE should be laundered, disinfected or discharged at work. 

- Respirator Recommendations: Disposable N-95 masks or NIOSH-certified 

filtering face piece respirators are the minimum level of respiratory protection that should 

be worm by workers in contact with pigs.  

The efficacy of N-95 respirator against nanoparticles with the same size than 

viruses was determined in two studies without human subjects. In these studies, the 

penetration percentage of the N-95 mask was 0.5% to 2.5% at 30ml/min and 0.5% to 5% 

at 85 ml/min (Balazy et al., 2006a; Eninger et al., 2008). However, surgical masks 

showed much greater percentage of penetration at 30ml/min (20-80%) (Balazy et al., 

2006b). Using human individuals, Lee et al (2008) determined that the N-95 respirator 

provided approximately nine times greater protection than surgical mask against a 

challenge aerosol with particles in the size range of bacteria and viruses. In addition 

Tracht et al (2010) using a mathematical model to measure the effect of N95 masks in 

reducing the spread of the influenza pandemic H1N1 2009 showed that the reproduction 

number R (a measure of disease transmission) was reduced from 1.83 to 1.41 when 

masks were 50% effective in reducing infectivity and susceptibility, and 10% of the 

population was wearing the mask. 



 

 30

- Vaccination of swine production workers and pigs: This measure is considered 

the most powerful tool to prevent flu transmission from personnel to pigs and from pigs 

to personnel. Swine workers can be in frequent contact with asymptomatic influenza 

infected pigs unknowingly or they can develop asymptomatic infections and spread the 

virus to the pigs under their care. The effect of vaccination even when mismatches 

occurred between vaccine strains and seasonal influenza viruses was assessed at the 

University of Virginia Health System by Salgado et al (2004). In this study, an increase 

of influenza vaccination from 4% to 67% during the course of a decade corresponded to a 

reduction of influenza infections within the health workers from 42% to 9% and a 

reduction in the proportion of nosocomial influenza cases from 32% to 3%. Furthermore, 

Hurwitz et al (2000) assessed the benefits of influenza vaccination of children attending 

day care centers to prevent influenza transmission to their household members. In this 

study, influenza-unvaccinated household contacts (n = 120) of influenza-vaccinated day 

care children had 42% fewer febrile respiratory illnesses compared with unvaccinated 

household contacts of non-vaccinated control children.  

 

Vaccination of swine workers with the seasonal and the pandemic H1N1 2009 

influenza viruses is recommended since these vaccines can reduce the amount of 

shedding. The last report from the  European Influenza Surveillance Network (EISN), 

specifically from the first week of year 2011  reported that 43% of sentinel swabs tested 

positive for influenza type A in the population and of those 97% were pandemic H1N1 

2009 (ECDC Surveillance Report, 2011).  
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1.4.3 Surveillance 

The implementation of control and eradication strategies is led by disease 

monitoring and disease surveillance. It is important to differentiate between monitoring 

and surveillance although both involve continuous collection of data. Animal disease 

monitoring refers to the efforts directed to assess the health and disease status of a given 

population. Disease surveillance implies additional actions if the data indicate disease or 

a disease level above a certain threshold (Martin et al., 1986).  

 

Surveillance of influenza in farms and production systems has the goal to evaluate 

the presence of influenza virus in the pig population, to monitor the effectiveness of 

biosecurity measures, and in endemically infected farms to estimate the prevalence of the 

virus and to detect the potential reservoirs where the virus can persist. Cross sectional and 

longitudinal studies has been used to monitor influenza disease in farms by collecting 

individual nasal swabs or blood samples (Pereda et al., 2006; Odehnavolà et al., 2007; 

Torremorell et al., 2009). Serologic surveillance studies have also been conducted around 

the world to identify circulating influenza viruses, to determine prevalence and to study 

the evolution of the virus in swine populations (Hinshaw et al., 1978; Chambers et al., 

1991; Jung et al., 2007; Shieh et al., 2008; Simon-Gifré et al., 2010).  

 

In the U.S., the extreme variability of influenza virus and the capacity for cross-

species transmission has made necessary the development of a national plan for influenza 

surveillance in swine populations. Plans for human, poultry and wild bird surveillance 

already exist (i.e. the Wild Bird Surveillance Plan, the H5/H7 Avian Influenza (AI) Clean 
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Program, and virologic surveillance for influenza WHO/CDC). The USDA started the 

‘2010 National Swine Influenza (SIV) Virus Surveillance Program’ which was 

designated to detect and identify circulating influenza viruses in swine to understand the 

epidemiology of swine influenza virus in the U.S. pig population. One of the goals is to 

detect new influenza virus strains and subtypes in pigs. The US Centers for Disease 

Control and Prevention (CDC) has special interest in this surveillance due to the potential 

public health significance of influenza isolates from pigs. Another objective of the 

surveillance program is to select proper isolates for the development of diagnostic 

reagents and current vaccines. Veterinarians and producers around the country can 

voluntarily participate sending 10 samples from acutely infected pigs to the NAHLN 

laboratories for testing. For positive samples undergoing individual H, N and M gene 

sequencing, the results are submitted to GenBank.  

 

In poultry, the influenza surveillance program has been conducted according to 

the H5/H7 Avian Influenza (AI) Clean Program as part of the National Poultry 

Improvement Plan (NPIP). Testing takes place in genetic stock and multiplier flocks. 

Subtypes H5 and H7 and any avian influenza virus infection with 75% mortality is now 

reportable to the OIE. In this program, 30 birds are influenza tested by agar gel 

immunodiffusion (AGID), RT-PCR, and HI every 90 or 180 days depending on the type 

of flocks. In 2006, forty-eight states participated in the NPIP which is implemented by 

State authorities in collaboration with the USDA (Bokma et al., 2006). 
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In pigs the development and validation of collecting oral fluid samples to detect 

influenza virus in swine populations can facilitate surveillance. Collection of oral fluids 

by ropes is easy, effective, and safe compared to individual sample collection. Oral fluid 

samples reflect the circulation of pathogens in swine populations (Heinen et al., 2001; 

Prickett et al., 2008, 2011; Irwin et al., 2010; Detmer et al., 2011) and a diagnostic 

approach based on oral fluid specimens has facilitated the collection of large amounts of 

epidemiological data in human medicine (Connolly et al., 2004). The constant 

improvement of the molecular assays to detect viral pathogens in oral fluid samples from 

pigs is providing more accurate and rapid results as well as a cost-effective method for 

influenza surveillance in commercial pig farms. 

 

1.5 Diagnosis 

Decades ago, influenza diagnosis was basically performed by clinical signs, since 

there was no other methodology to detect the infection in live pigs. However, the 

diagnosis by clinical grounds alone has become more difficult in the last decades since a 

portion of the population has been infected with the virus and subclinical infections have 

been established due to partial immune protection (Böttcher et al., 2007).  

 

The antigenic drift and shift events that have been common in the US since 1998, 

have created diagnostic challenges and therefore the battery of diagnostic tests available 

needed to expand in an attempt to meet the challenges of the dynamic influenza virus 

(Lee et al., 1993; Spackman et al., 2002; Man et al., 2009; Pol et al., 2011).  
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The gold standard for laboratory diagnostic testing is 14-day cell culture on 

Madin canine kidney cells (MDCK) or in 9-10 day old embryonated chicken eggs, with a 

variety of cell lines that can support the growth of influenza virus (Meguro et al., 1979; 

Seo et al., 2001). The target organs for influenza A virus isolation in pigs are restricted to 

the respiratory tract. Nasal swabs, broncho alveolar (BAL) lung lavage and lungs are the 

samples of choice. Although virus isolation technique has the results too late in the 

clinical course for interventions (from 5 to 10 days approximately), it allows to serotype, 

to subtype and to sequence the virus for further studies or vaccine production. 

 

Nowadays, rapid diagnostic tests are available to detect influenza directly or 

indirectly. For direct detection of the virus, direct capture antigen immunoassays have 

been validated for influenza A viruses. The DirectigenTM test (BD Diagnostics System, 

Sparks, MD) and the Flu DetectTM (Synbiotics Corporation, San Diego, CA) can offer 

results in 15 min from nasal swabs and culture supernatants. The Flu DetectTM was 

designated to detect avian influenza A viruses, but it can detects all 16 hemagglutinin 

subtypes of influenza A virus, and the DirectigenTM test recognizes the NP of the virus. 

Both have a specificity of 100%, but the sensitivity is lower than for other diagnostic 

methods (Ruest et al., 2003).   

 

Direct detection of the virus by  polymerase chain reaction (PCR) to detect viral 

RNA has been shown to be highly sensitive and specific to detect  influenza A virus in 

tissues, BAL, or nasal swabs from infected pigs (Spackman et al., 2002). Reverse- 

transcriptase PCR is the PCR test used to detect the NP or M gene in the sample, or to 
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subtype the HA and NA from the virus. It is a rapid method and it works in viable and 

non-viable virus. Multiplex nested-PCRs have also been developed to detect more than 

one influenza virus at the same time or to differentiate the pandemic H1N1 2009 (Man et 

al., 2009; Pol et al., 2011). More recently, Detmer et al (2011) validated the detection of 

influenza A in oral fluid samples from infected pigs by RT-PCR.  

Influenza virus can be detected by immunohistochemistry from fixed tissues using 

antibodies against the virus NP gene, and from fresh tissues using fluorescent antibody 

(FA) test to identify the presence of infected cells. Both tests only detect presence or 

absence of viral antigen using monoclonal antibodies against influenza A, but cannot 

subtype the virus. Success of detection is limited by the section of lung that was fixed, the 

number of sections examined, and the sample quality (Gramer et al., 2007b). 

 

The most important methods for antibody detection against influenza A virus in 

convalescent sera are the enzyme linked immunoassay (ELISA) and the hemagglutination 

inhibition (HI) tests (Lee et al., 1993; Pedersen et al., 2008). Antibodies against the 

infection can be detected in sera at 7 days post infection, but the peak of the humoral 

immune response is at 3-6 weeks post infection. By HI, antibodies against the HA protein 

of the virus can be detected in sera and subtyped. The HI test is based in the ability of the 

HA protein to precipitate red blood cells (RBCs), but when antibodies against the HA are 

present in the sample, the ability of the cells to hemagglutinate is inhibited. In the HI test 

the amount of antibodies is quantified using the same virus of interest or standard 

reference influenza viruses. This test is useful to quantify the antibody response against 
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autogenous vaccines since the homologous influenza virus can be used to perform the 

test. 

 

Two kinds of ELISA tests are available commercially to detect H1 or H3 

antibodies against influenza A virus. In 2007 a nucleoprotein (NP) ELISA test was 

developed (IDEXX FlockChek™ AI MultiS-Screen Ab Test Kit, Idexx Lab., Westbrook, 

ME) to detect antibodies against the NP. This test is able to detect all influenza A viruses 

in animals exposed to the virus or animals that have been vaccinated with an inactivated 

vaccine. The advantage of using ELISA tests is the rapid results, the large amount of 

samples processed, and the low cost. 

 

A key factor in the diagnostic of influenza infection at the individual or the 

population level may be the previous immune status of the animals. The high variability 

of this virus can produce the establishment of subclinical and endemically infected 

populations with only partial immunity. This partial immunity may allow that viral 

replication with low viral excretion take place, which can difficult influenza detection by 

diagnostic tests (Swenson et al., 2001).  
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CHAPTER 2: 

VACCINATION OF INFLUENZA VIRUS AFFECTS 

TRANSMISSION PARAMETERS IN PIG POPULATIONS 

 

 

 

 

 

 

 

 
 

 
 
 

Submitted for publication in Vaccine (March 2011) 



 

 38

2.1 Chapter Summary 
 
Limited information is available on the transmission and spread of influenza virus 

in pig populations with differing immune statuses. Influenza vaccines have been shown 

to be effective at minimizing clinical signs of disease and virus excretion, but their effect 

on transmission is poorly understood. The purpose of this study was to assess differences 

in transmission patterns and to quantify the spread of a triple reassortant H1N1 influenza 

virus in naïve and vaccinated pig populations by estimating the reproduction number (R) 

of influenza in pigs (i.e. the number of secondary infections produced by one infectious 

individual) using a stochastic SIR model fitted on experimental data. One hundred and 

ten pigs were distributed in ten isolated rooms and distributed to three treatment groups 

(non-vaccinated (NV), vaccinated with a heterologous vaccine (HE), and vaccinated with 

a homologous inactivated vaccine (HO)). The study was run with multiple replicates. 

There were 3 replicates for the NV and the HO group, and 4 replicates for the HE group. 

For each replicate, one infected and non vaccinated pig was placed with 10 contact pigs 

for two weeks and transmission of influenza virus was evaluated daily by analyzing 

individual nasal swabs by RT-PCR assay. The values of R (95% confidence interval) 

differed significantly between vaccinated and non-vaccinated pigs. A significant 

reduction in transmission was observed in the vaccinated groups where R (95%CI) was 1 

(0.39-2.09) and 0 for the HE and the HO groups respectively, compared to 10.66 (6.57-

16.46) in NV pigs (p<0.001). Transmission in the HE group was reduced, delayed and 

variable when compared to the NV group and transmission could not be detected in the 

HO group. Results from this study indicate that influenza vaccines can be used to 

decrease influenza transmission but they can also contribute to maintaining endemic 
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infections in populations. 

 

2.2 Introduction 

 Influenza in pigs is a highly contagious viral disease of the respiratory tract. 

Influenza is currently endemic in most swine populations around the world, and the virus 

tends to spread easily in susceptible populations (Shope, 1931; Renshaw, 1970; Madec et 

al., 1983). Many factors contribute to the severity of the disease including age, viral 

strain, concurrent infections, and immune status of the animals (Van Reeth et al., 1994; 

Thacker et al., 2001). 

 

With the detection of new influenza subtypes in the last decade (i.e. H1N1, H1N2 

and H3N2 triple reassortant viruses) in pigs (Zhou et al., 2000; Olsen et al., 2002b; 

Webby et al., 2004), and the recent appearance of the 2009 pandemic H1N1, both human 

and animal health officials have paid greater attention to flu in pigs due to the role that 

pigs play in cross-species transmission (Scholtissek et al., 1998).   

 

The control of influenza in pigs is mostly accomplished by the use of vaccines 

(USDA-NAHMS swine, 2006). Two types of flu vaccines are commonly used in US pig 

herds: inactivated licensed commercial vaccines and autogenous inactivated vaccines. 

Licensed commercial vaccines confer protection against flu infection and disease 

presentation but often this protection is only partial (Van Reeth et al., 2001; Lee et al., 

2007; Vincent et al., 2008b). Licensed commercial vaccines usually include one or more 

isolates representative from the strains in a region area but they do not always confer 
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protection against the isolate infecting a specific farm or population. On the other hand, 

autogenous vaccines may be prepared with the isolate or isolates recovered from a 

specific farm and used only in that farm. Autogenous flu vaccines have gained popularity 

in the U.S. in the past few years. Although flu vaccines can protect susceptible animals 

against clinical signs and reduce virus excretion, limited information is available on the 

effect of vaccination on the spread of the infection in a population and how vaccination 

may prevent transmission to other species (Anderson 1992).  

 

Transmission experiments and mathematical models have been used to quantify 

vaccine-induced reduction in the spread of Mycoplasma hyopneumoniae, pseudorabies 

virus, classical swine fever (CSF), Actinobacillus pleuropneumoniae, 

encephalomyocarditis virus (EMCV), foot and mouth disease (FMDV), porcine 

reproductive and respiratory syndrome virus (PRRSV), hepatitis E virus, and porcine 

circovirus type 2 (PCV-2) in pigs (De Jong and Kidman, 1994; Bouma et al., 2000; 

Nodelijk et al, 2001; Velthius et al., 2003; Kluivers et al., 2006; Meyns et al., 2006; Orsel 

et al., 2007; Andraud et al., 2008; Bouwknegt et al., 2008). A key parameter to quantify 

transmission of a pathogen is the reproduction number (R) of the infection which is the 

average number of secondary cases caused by one infectious individual in a population 

during its entire infectious period (Dieckman et al., 1990; Velthius et al., 2007).When R 

>1, an infection will spread and transmission can be endemically maintained among 

individuals, but if R<1, infection will die out. The estimation of R provides important 

information about the potential for disease transmission, the dynamics of infection at the 

population level, and the impact of disease control strategies (Dewulf et al., 2002; Meyns 
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et al, 2004, 2006). 

 

Influenza R values have been assessed in humans, avian, and horses (Park et al., 

2004; Van der Goot et al., 2005; Bouma et al., 2009; WHO, 2009; Spekreijse et al., 

2010), but to our knowledge have not been reported in pigs. By performing a 

transmission experiment using a stochastic SIR model (Susceptible-Infected-

Recovered/Removed) we assessed the probability of transmitting a H1N1 triple 

reassortant influenza A virus in a population by calculating R of influenza in groups of 

non-vaccinated and vaccinated pigs. Transmission parameters were also compared 

between vaccinated groups immunized with a homologous or a heterologous flu vaccine 

to better represent field conditions. Results from this study provide relevant information 

on the use of vaccination to control influenza transmission, and discuss the implications 

that homologous and heterologous vaccines may have in transmission dynamics and risk 

of infection. 

 

2.3 Materials and methods 

Animals and animal housing 

One hundred and ten, 3 week-old cross-bred pigs from a specific-pathogen-free 

(SPF) herd were purchased. Pigs were free of infection with influenza virus, PRRS virus, 

and M. hyopneumoniae, and born from sows unvaccinated against influenza virus. Prior 

to the start of the study, all piglets were screened at the herd of origin for influenza 

antibodies using the hemagglutination inhibition (HI) test and enzyme linked 

immunoabsorbent assay (ELISA). 
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 Pigs were distributed in ten groups of eleven pigs each and randomly placed in 

separated isolation rooms located at the University of Minnesota Animal Research 

Facility (St Paul, MN) and assigned to 3 different treatment groups as follows: a) non-

vaccinated control (NV); b) vaccinated with a commercially, heterologous vaccine (HE); 

and c) vaccinated with an experimental, homologous vaccine (HO). The study was run in 

multiple replicates, and each replicate included the three treatment groups. There were 3 

replicates for the NV and the HO vaccinated groups and 4 replicates for the HE 

vaccinated group distributed in 10 different rooms. Space allowance was 6.3 square feet 

per pig (0.58 m2) and the pigs were fed on the floor ad libitum and with free access to 

water. Pigs were cared according to University of Minnesota IACUC protocol number 

0908A71965.  

 

Experimental design  

On  arrival to the research facility, nasal swabs and blood samples were collected 

from all pigs and tested by real time reverse transcriptive PCR (RT-PCR), and for 

antibodies by HI and ELISA. Pigs were also injected once with an antibiotic to reduce 

bacterial contaminants prior to the start of the study (Ceftiofur crystalline free acid, 5.0 

mg/kg body weight Excede®, Pfizer Animal Health, NY, NY).  

 

Twenty-four hours post arrival pigs were vaccinated according to their treatment 

group. Pigs in the HE group received 2 ml intramuscularly (IM) of a commercial licensed 

influenza flu vaccine (FluSure XP®, Pfizer Animal Health, New York, NY). Pigs in the 

HO group were similarly vaccinated with an experimental, homologous, inactivated 
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vaccine containing the same viral isolate as the challenge virus. Each vaccination was 

repeated two weeks later. The pigs in the NV group were injected with 2 ml of sterile 

saline solution IM in the neck at 2 weeks interval.  In each room 1 of the 11 pigs (named 

‘seeder’) was left unvaccinated to be intratracheally and intranasally challenged with 

influenza and serve as a source of infection for the other pigs in the group.  

 

Thirteen days after the second vaccination, nasal swabs and blood samples were 

taken from all pigs, and the seeder pigs were moved to a separate room for challenge. At 

48 hours post challenge, the seeder pigs were placed back to each room   in contact with 

their original pen mates (1 seeder pig/replicate) until the termination of the study. To 

determine transmission, all pigs were sampled daily by taking nasal swabs and observed 

daily for presence of clinical signs consistent with influenza infection. 

 

The transmission experiment ended at 14 days post contact (dpc) or when all 10 

contact pigs in a room became positive. At that point, pigs were humanely euthanized 

with an intravenous lethal dose of pentobarbital at the prescribed dose of 100mg/kg 

(Fatal-Plus Solution®, 250 ml, Vortech Pharmaceuticals, Dearborn, MI, USA).  

 

Challenge virus and vaccine preparation 

A triple reassortant H1N1 strain A/Sw/IA/00239/04 (IA04) belonging to the β 

cluster of swine influenza virus used in previous studies (Vincent et al., 2006, 2007) and 

isolated from field samples at the University of Minnesota Veterinary Diagnostic 

Laboratory was used for challenge. The IA04 influenza virus was grown in bulk 
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quantities using Madin-Darby canine kidney (MDCK) cells using standard procedures 

(Meguro et al., 1979).  

 

For preparation of the homologous vaccine, the same virus IA04 was adjusted to 

an HA titer of 1:128 /0.1 ml at the time of inactivation by the addition of formalin at a 

final concentration of 0.1%. The formalized virus was mixed with an adjuvant mixture of 

mineral oil (9 parts) and emulsifier (1 part; equal volumes of Span 85 and Tween 85) in a 

1:1 ratio and sonicated at 25W for 2-3 minutes.  

 

The heterologous commercial vaccine contained three distinct inactivated 

influenza isolates:  A/Swine/North Carolina/031/05 (H1N1), A/Swine/Missouri/069/05 

(H3N2), and A/Swine/Iowa/110600/00 (H1N1). The H1N1 vaccine strains belonged to 

the γ and δ groups and were genetically distinct from the challenge strain. The 

A/Swine/Iowa/110600/00 (γ) vs. IA04, were 92.2% similar (HA nucleotide sequence), 

and the A/Swine/North Carolina/031/05 (δ) vs. the IA04 were 66.8% similar. Serologic 

cross-reactivity existed between commercial licensed vaccine strains and challenge strain 

but was variable (Vincent et al., 2006). 

 

Virus inoculation / seeder pigs 

Seeder pigs were infected intratracheally and intranasally with a total of 2 ml of 

the IA04 H1N1 challenge virus at a titer of 1Í106 TCID50/ ml.  Before the inoculation, 

all piglets were sedated by an intramuscular injection of a dissociative anesthetic at the 

recommended dose of 6.6 mg/kg (Telazol®, Fort Dodge Animal Health, Fort Dodge, IA) 
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in compliance with the Institutional Animal Care and Use Committee of the U of M. 

Success of inoculation in the seeder pigs was confirmed by positive influenza A  RT-PCR 

from nasal swabs at 24 h and at 48 h post inoculation. Viral isolation and titration was 

conducted from nasal swabs at 48 h post inoculation.   

 

Researchers conducting the experimental infection wore N-95 respirator masks, 

protective glasses and gloves when performing this procedure and throughout the entire 

study when they were accessing the pigs.  

 

Transmission chain 

Each transmission experiment consisted of ten susceptible (contacts) and one 

infectious pig (seeder) per group. The initial infectious pig in all groups was unvaccinated 

and challenged intratracheally and intranasally with a H1N1 influenza virus. A pig was 

considered infected and infectious when the virus could be detected by RT-PCR from 

nasal swabs. Transmission experiments ended at 14 days post contact with the seeder pig, 

or when all the contact pigs in a replicate became infected. 

 

Sample processing and diagnostic tests 

Nasal swabs 

Nasal swabs were collected daily from individual pigs using rayon-tipped swab 

applicators with Stuart’s medium ( BBL CultureSwab TM  liquid, Stuart single plastic 

applicator/ Becton, Dickinson and Com., Sparks, MD, USA). After sample collection, 

each nasal swab was suspended in 2 ml of MEM supplemented with 4% BSA prior to 
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processing for RT-PCR. The viral RNA was extracted using the magnetic particle 

processor procedure (MagMAXTM Viral RNA Isolation Kit, Applied Biosystems, USA) 

and subsequently tested using the procedure provided by the USDA-NVSL for detection 

of influenza A virus Matrix gene by  RT-PCR (Spackman et al., 2002). The minimum 

detection limit of influenza virus by this method is 101 TCID50/ ml. 

 

Virus isolation and titration was performed only from the nasal swabs collected 

from the seeder pigs prior to commingling, and from tissues at necropsy on MDCK cell 

monolayers (Meguro et al., 1979). Supernatants showing CPE were titrated using ten-fold 

serial dilution and expressed as a log 10 TCID50 / ml calculated by the Spearman–Karber 

method. 

 

Blood Samples 

Blood samples were collected using venipucture of the jugular vein. After 

collection serum was separated and stored at -20°C. Sera were subsequently analyzed by 

HI and ELISA. HI tests were performed following standard procedures (Pedersen, 2008). 

Samples were tested by HI against the challenge strain (IA04), the licensed commercial 

vaccine isolates γ and δ (XP12H1, XP31H1), and the isolate H3N2 (XP69H3) at arrival, 

thirteen days after the second vaccine, and at necropsy. Additionally, all sera were tested 

using the Influenza A Multiscreen Elisa (IDEXX FlockChek™ AI MultiS-Screen Ab 

Test Kit, Idexx Lab., Westbrook, ME) following manufacturer’s protocols. 
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Tissues 

At necropsy, lung surface affected by pneumonia was recorded for each pig. 

Lesions were photographed, sketched on a standard diagram, and the proportion of 

affected lung assessed (Harbur et al., 1995). In addition, tissues from lung lobes of each 

animal were collected for viral detection by RT-PCR.  

 

For histopathology, the tissues were fixed in 10% buffered formalin. Fixed tissues 

were routinely processed and stained with hematoxylin and eosin. Lung sections were 

given a score from 0-3 to reflect the severity of bronchial epithelial injury based on 

previously described methods (Richt et al., 2003). The lung sections were scored 

according to the following criteria: 0.0: no significant lesions; 1.0: a few airways affected 

with bronchiolar epithelial damage and light peribronchiolar lymphocytic cuffing often 

accompanied by mild focal interstitial pneumonia; 1.5: more than a few airways affected 

(up to 25%) often with mild focal interstitial pneumonia; 2.0: 50% airways affected often 

with interstitial pneumonia; 2.5: approximately 75% airways affected, usually with 

significant interstitial pneumonia; 3.0: greater than 75% airways affected, usually with 

interstitial pneumonia.  Additionally, the % of airways affected in ten microscopic fields 

at 20 X magnification was also recorded to provide both continuous and categorical 

variables for histopathological lesions.  A single pathologist examined all slides and was 

blinded to the treatment groups.  

 

Clinical signs 

Clinical signs consistent with were recorded by the same person from day 1 to day 
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4 post arrival, during the 3 days after the second vaccination, and daily from 0 dpc to the 

end of experiment (14 dpc). Clinical signs of cough, dyspnea, sneezing, nasal discharge 

and lethargy (activity) were recorded for a period of 10 min/observation day in each 

room.  Presence or absence of each clinical sign was scored as 1 or 0 respectively, and 

analyzed as repeated measures for categorical data and clustered responses in each group. 

The likelihood of showing clinical signs was expressed in odds ratio. The odds ratio of 

the contact pigs was evaluated and compared by group of treatment, taken the 

homologous group as reference. Rectal temperatures were recorded daily from 1 day 

prior to commingling and until necropsy. Temperatures ≥104°F (40°C) were considered 

to be a significant febrile response.  

 

Statistical methods 

Results from clinical signs, antibody titers, and lung lesions were combined in 

each group of treatment, resulting in 30 contact pigs in the control and in the homologous 

group, and 40 contact pigs in the heterologous group. The seeder pig in each replicate 

was excluded from these analyses because it was experimentally inoculated and 

unvaccinated. 

 

To measure antibody responses, log-transformed results (HI antibody titers) and 

ELISA mean values were analyzed using analysis of variance (ANOVA). Clinical signs 

were evaluated as a binomial response (0=absence/1=presence) by a Fisher’s exact test 

and by a Generalized Estimating Equations (GEE) approach (Williamson et al., 1996). 

Means and standard deviations from macroscopic lung lesion scores were analyzed using 
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ANOVA. The response variables that had a significant effect (p ≤0.05) by treatment 

group were further analyzed through pair-wise comparisons using the Tukey–Kramer 

test. The analyses were performed using SAS (SAS System, SAS Inst., Cary, North 

Carolina, v 9.2). 

 

Estimation of the reproduction number (R) 

The infection status of susceptible (S), infectious (I), and recovered/removed (r), 

was determined in a daily basis for all pigs. Transition of pigs from the S state to the I 

state, and from the I state to the r state was described by a stochastic SIR model (Bailey, 

1975). For each time interval ∆t (the interval between two consecutive samplings (i.e. one 

day)), a pig was considered I if influenza virus was detected by RT- PCR on nasal swabs, 

and it was considered S if it was not detected positive by RT-PCR. When transmission 

occurred in a pen, S pigs decreased by one (S-1) whereas the number of I pigs increased 

by one (I+1). The transition from S to I occurs according to the probability given by γ = β 

S (t) I (t) ∆t, with the infection or transmission parameter β denoting the rate at which a 

randomly chosen animal had infectious contacts in the interval ∆t.  

 

To estimate the transmission parameter β, a generalized linear model (GLM) with 

a complementary log-log link function and log I ∆t/N as the offset variable (number of 

infectious pigs/ total number of pigs) was used to calculate the estimates of the 

transmission parameter β by day (∆t=1) (Becker, 1989). Knowing the number of 

susceptible contact pigs and the number of infectious pigs at the start of each period ∆t 

(St-1, It-1 ), the number of new infections that appeared at the end of each period (Ct), and 
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the total number of animals in each period (N), the probability that a pig became infected  

was 1-exp-Iβ∆t/N and the expected number of new cases was E(C)= S(1- exp-Iβ∆t/N) 

(Velthius et al., 2003).  

 

The logistic regression model cannot provide a direct estimate of the transmission 

rate β, but with an alternative transformation known as the complementary log-log we 

calculated β from the equation log [-log (1-E(C)/S)] = log (β) + log (I∆t/N). This model is 

similar to the linear model as follows: log [-log (1-E(C)/S)] = βo + β1X where the 

intercept coefficient βo = log (β), with corresponding β1 = 1 including the predictor 

X=log (I∆t/N) as a fixed offset. With the transformation of log (β), the transmission 

parameter β could be estimated. The model entails some assumptions: (i) all susceptible 

animals are equally susceptible; (ii) all infected animals are equally infectious; (iii) each 

infected pig poses an independent risk of infection to each susceptible pig. 

 

Using the daily transmission rate β and the infectious period of the contact 

infected pigs, the reproduction number R of the infection was calculated for each 

replicate in each group, as well as the overall R for each group of treatment after the 

replicates were combined. If a pig died during the study, it was considered censored and 

N became N-1. All the analysis was carried out in SAS (SAS System, SAS Inst., Cary, 

North Carolina, v 9.2). 

 

Additionally, the fraction ( f ) of the population needed to be vaccinated to 

produce enough immune animals so that infective pigs would not be able to infect on 
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average one other pig was calculated as follows:  f > (1-(1/R)) / h . Where R was the 

reproduction number from the non-vaccinated pigs, h the proportion of pigs completely 

protected against influenza and 1-h the proportion of pigs where the vaccine failed to 

protect against influenza (Halloran, 2001). If f is greater than 1, the elimination of 

transmission would not be possible, even if everyone is vaccinated. 

 

2.4 Results 

Serology 

Pigs were both antibody and virus negative at the start of the study. Table 2.1 

shows the levels of HI antibody titer against the 4 selected flu strains prior to exposure to 

the seeder pigs and at necropsy. Two weeks after the second vaccination, the homologous 

vaccine induced robust HI titers against the challenge strain (IA04), but mean titers in the 

HE group were <1:20. In contrast, the HE group had titers >1:160 against the H1N1 and 

the H3N2 strains contained in the vaccine (XP12, XP31, XP69), while the mean titers in 

the HO group were <1:40. At the end of the experiment, HI titers against the challenge 

virus remained at about the same levels in the HO group, and although HI titers in the HE 

group increased significantly (p=0.005), they still remained <1:40. In the HE group, 9 out 

of 40 pigs that had HI titers ≥40 at necropsy, the challenge virus could not be detected 

while 9 out of 40 pigs showed seroconversion and the virus could be detected during the 

study. In the NV group, all pigs were seronegative (<1:10) before contact and at 

necropsy, and the lack of seroconversion at necropsy was most likely due to the limited 

time between infection and necropsy (< 7 days) (Heinen et al., 2000; Vincent et al., 

2009). 
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Mean ELISA s/n values (±SD) of the contact pigs two days prior to exposure to 

the seeder pigs were 0.874±0.06 in the NV group, 0.538±0.23 in the HE group, and 

0.15±0.05 in the HO group  (cut-off: positive 0.673, negative0.673) (Ciacci-Zanella et al., 

2000). At necropsy, the mean values were 0.576±0.26, 0.351±0.26 and 0.162±0.05 for 

the NV, the HE and the HO groups respectively. Differences between paired samples in 

the NV and in the HE groups before contact and at necropsy were statistically significant 

(p<0.0001) (Figure 2.1). 

 

Transmission 

RT-PCR test on nasal swabs 

All seeder pigs were RT-PCR positive at 48 h post inoculation and prior to 

comingling with the contact susceptible pigs. At that time point, the virus titers from 

nasal swabs in those pigs ranged from 3Í102 to 1Í105 TCID50/ml.  

 

All the contact pigs (100%) in the NV group were found RT-PCR positive at 5 

dpc, while in the vaccinated groups, 15 out of 40 pigs (37.5%) in the HE group and none 

of the pigs (0%) in the HO group were positive by RT-PCR (Table 2.2). When we 

compared the cumulative percentages of contact pigs infected per day between groups of 

treatment, the log-Rank test from the Kaplan-Meier survival analysis indicated that the 

percentage of infected pigs was significantly higher in the NV group than in the 

vaccinated groups (p<0.0001), and no statistical difference was observed between the 

vaccines (p=0.101) (Figure 2.2). 
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Duration of virus shedding 

The mean length of the infectious periods (i.e. time between the first and the last 

day that virus could be detected from nasal swabs (±SD)) in the seeder and in contact 

pigs are shown in Table 2.3. In addition, individual infectious periods are displayed in 

Figure 2.3. The seeder pigs remained PCR positive for an average of 5.08 ± 0.6 days post 

infection and no differences were observed among them. Average infectious period for 

the contact infected NV pigs was 4.5 ± 1.07 days and 3.50 ± 1.84 days for the contact 

infected pigs in the HE group. The infectious period was 1 day shorter in pigs vaccinated 

with the HE vaccine than in the NV ones, but the difference was not significant 

(p=0.192). Infectious period for the contact exposed pigs in the HO group was zero. 

 

In addition, the average number of days between exposure and the first pig 

detected positive was significantly longer in pigs from the HE group (6.87 ± 4.17) 

compared to the NV ones (2.83 ± 1.14) (p=0.0015). 

 

Reproduction Number (R) 

Summary of the transmission parameters estimates for each replicate and 

treatment group are displayed in Table 2.4. In the HE group, one pig was humanely 

euthanized at 7 dpc for reasons not related to influenza and it was censored, yielding a 

total number of contact pigs in that replicate to 9.  

 

In the NV group, all contact pigs became infected and R (95% confidence 

interval) was estimated at 10.66 (6.57-16.46). In contrast, the estimate of R was 1 (0.39-
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2.09) in the HE group, and 0 in the HO group. A statistically significant reduction in R 

value was observed in the vaccinated groups (p<0.05). Transmission in the HO 

vaccinated pigs could not be detected in any of the replicates (R<1). Transmission in the 

HE group was observed in all replicates and R was above 1 in two of the four replicates.  

 

Based on the R value of the NV population, the estimate fraction of pigs that must 

be vaccinated with the HO vaccine to eliminate transmission is 90%, while the fraction of 

pigs that must be vaccinated with the HE vaccine to stop transmission is 145 %.  

 

Clinical signs 

Influenza-like clinical signs related were mild in all pigs. No pigs died during the 

study due to influenza infection, and only one contact pig from the HE group had to be 

removed from the study due to arthritis. The overall continued presence of clinical signs 

was significantly higher in NV than in vaccinated pigs during the first week of exposure 

(p<0.001), and no differences could be found between the HO and the HE groups 

throughout the study (p=0.780) (Table 2.5). The odds ratio for displaying fever, lethargy, 

nasal discharge and dyspnea where significantly lower in the HO group compared to the 

NV group. In the HE group only lethargy and nasal discharge were significantly different 

than in NV pigs. The number of pigs coughing after contact was low and no differences 

could be found between groups.  

 

Macroscopic and microscopic lung lesions 

NV pigs had consolidated lung lesions at necropsy, and the mean (±SD) lung 
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lesion score was 8.86 ±7.1%. Thirty-one of the 40 pigs in the HE group and sixteen of the 

30 pigs in the HO group had some degree of lung consolidation. The mean lung lesions 

score for the pigs in the HE group was significantly higher (p≤0.05) than the mean for the 

pigs in the HO group (5% ± 8 vs. 1.7% ± 5.1) at necropsy. Although the macroscopic 

lung lesions in the NV group were greater than in the vaccinated groups, comparisons 

were only performed between treatment groups with the same endpoints. 

 

In both vaccinated groups, only few air airways were affected by interstitial 

pneumonia at necropsy. The severity of the lung lesions was scored at 1.41 ± 0.49 in the 

HO group, and at 1.16 ± 0.67 in the HE group, indicating no differences in the severity of 

the lesions between vaccinated groups (p= 0.09). However, in the NV group the mean 

score was 2.6 ± 0.48 at necropsy indicating significant interstitial pneumonia and more 

than 75% of the airways affected with bronchial epithelial damage. 

 

2.5 Discussion 

Understanding transmission of influenza and the factors that affect transmission is 

crucial to design effective control strategies. Vaccination is by far, the most common 

strategy to prevent flu infections. However, little is known on how vaccination affects 

transmission within in pig populations and what implications may derive from its use.  

 

The objectives of this study were to quantify the spread of a H1N1 triple 

reassortant influenza virus in populations of pigs by calculating transmission parameters 

based on the outcome of transmission experiments, and to assess the reduction on virus 
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transmission in groups of pigs vaccinated with either a homologous or a heterologous 

vaccine.  

 

A measure to quantify the transmission and spread of viruses in populations is the 

reproduction number R, which is the expected average number of secondary infections 

caused by one infectious individual during its entire infectious period. When infection 

occurs in an entirely susceptible population, the reproduction ratio is named “basic” 

reproduction number or R0 (Dieckman et al., 1990). The measure of R can be used to 

assess the effect of control strategies such as vaccination in populations. In our 

experiment, a SIR model (Susceptible-Infective-Removed or Recovered) was used to 

describe influenza transmission in pigs because the disease confers immunity against re-

infection (Bailey, 1975). Basically, three different methods have been used to calculate 

the infection parameters based upon experimental data: Generalized Linear Models 

(GLM) (Becker, 1989; De Jong, 1995), Martingale Estimations (De Jong, 1994), and 

Maximal Likelihood Estimation based on the final size of an outbreak (FS) (Kroese and 

De Jong, 2001; Bouma et al., 2009) . The selection of one of the three approaches 

depends on the data available and the intensity of the sampling. In our study the GLM 

method was used because in the NV group there were no more susceptible animals when 

the infection process ended, and in that situation the effect of vaccination only can be 

tested by GLM analysis (Velthius et al., 2007). 

 

 R0 of influenza virus has been estimated previously in chickens and horses. R0 

was estimated at 1.6 to 3.5 and at 208 for an H5N1 and an H7N7 avian influenza strains 
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respectively, and at 10.18 for a horse influenza strain (Park et al., 2004; Van der Goot et 

al., 2005; Bouma et al., 2009; Spekreijse et al., 2010). In these studies R was reduced to 0 

in chickens vaccinated with an inactivated H5N2 strain against an H5N1, and it was also 

0 in chickens vaccinated with two inactivated H7N1 and H7N3 strains against an H7N7 

avian flu virus. In horses, R was reduced to 2.4 for a homologous vaccinated population 

and to 4.9 for a heterologous vaccinated population.  

 

Under the specific conditions of our study, influenza virus spread quickly among 

the non-vaccinated pigs, and the estimate R (95% confidence interval) in this population 

was 10.66 (6.57-16.46) which was significantly above 1 (p<0.001). The R of influenza in 

the vaccinated groups was statistically different from the R in the NV group (p<0.05). In 

the HO vaccinated group R was estimated at 0, and in the HE group R ranged from 0.32 

to 1.8, with an overall estimate of 1 (0.39-2.09). In the HE group, statistically significant 

differences could be observed in the transmission rate β between replicates, showing the 

variability on the response to influenza vaccination. A significant reduction on virus 

transmission was observed in the HE group compared with the NV group (p<0.0001), but 

R was not statistically significant below 1 based on the CIs around the point estimates of 

R. Despite the fact that transmission was reduced but not completely prevented in two of 

four replicates in the HE group, we cannot exclude the possibility that outbreaks of 

influenza can occur in heterologously vaccinated populations. This observation is also 

evidenced by the modeling estimates presented by De Jong et al (1995), and by the 

proportion of pigs (f) that had to be vaccinated to prevent transmission in our study. The 

proportion (f) was below 1 (90%) in the HO group and above 1 (145%) in the HE group, 
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suggesting that prevention of transmission in the HE group was not possible even when 

100% of the population was vaccinated.  

 

On the other hand, transmission of the virus could not be detected in  the HO 

vaccinated pigs during the study and R values in all replicates were significantly below 1 

(p<0.0001), suggesting that infection spread in a population vaccinated with a 

homologous vaccine could be prevented.  

 

The power to detect differences between two groups when R values for both 

groups are slightly below or above 1 is lower than when R of one group is largely above 

1 and R for the other group is below 1 (Velthius et al., 2007). In our study, the power 

appeared to be sufficient to detect differences between vaccines, and to determine that 

both vaccines were effective in reducing transmission when compared with the NV 

group. 

 

Differences in transmission patterns among groups can be explained by the 

differences in the infectivity of the infectious pigs and the susceptibility of the not yet 

infected pigs since the reproduction ratio is a composite measure that incorporates both 

factors. The amount of virus shed has been postulated as an indicator for infectiveness, 

and influenza virus excretion is reduced by vaccination as described in previous studies 

(Van der Goot et al., 2005; Vincent et al., 2007). However, experimental transmission 

studies with H7N7 avian influenza virus, PRRSV and Aujeszky’s disease were not able 

to correlate the amount of virus excreted by infected pigs with increased values in the 
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transmission parameter β (Bouma et al., 1997; Nodelijk et al., 2001; Spekreijse et al., 

2010). In our study, the initial infectiveness in our experiment was similar in all the 

groups due to the use of unvaccinated and experimentally inoculated seeder pigs under 

the same experimental conditions. Also, no significant differences were observed in 

TCID50 values at the time of contact with the non yet infected pigs and the infectious 

period was similar for all seeder pigs. Therefore, differences in transmission can be 

attributed to the decrease in susceptibility of the contact pigs to become infected and the 

length of the IP between groups. The infectious period was one day shorter in the HE 

group than in the NV group and that could play a role in the value of R and account for 

some of the differences observed between replicates. Although statistical differences in 

IP between replicates within the HE group could not be found due to the small number of 

contact infected pigs in two of the four replicates, this group had the major variability in 

the length of viral excretion between replicates. Overall, infection in the HE vaccinated 

population lasted longer than in the NV population. 

 

 Antibodies against the HA protein have been correlated with strong immune 

response to influenza and with a decrease on the likelihood of becoming infected. 

However, the levels of protective HI titers against virus replication are not easily 

established due to the continuous antigenic drift of the virus and due to that HI titers 

alone may not guarantee immunity or predict susceptibility.  Kyriakis et al (2010b), in an 

experimental study with pigs vaccinated with four different commercial vaccines and 

challenged with a heterologous H1N1 field isolate, found that pigs with HI antibodies 

titers ≥ 20 against the field strain were virologicaly protected (Kyriakis et al., 2010b). 



 

 60

Van Reeth et al (2001) determined that for complete virological protection against a 

heterologous strain, HI titers as high as 160 are required.  In those studies the viral 

protection was referred to individual virus titers from lung lobes at 3 to 4 days post 

experimental challenge and related to clinical signs, but not to transmission of the virus. 

In our study, two weeks after the second vaccine and before exposure to seeder pigs, pigs 

in the HO group had geometric mean HI titers of 295, while the geometric mean in the 

HE group was 14 against the challenge strain (max titer 1:80). The challenge virus 

demonstrated low serologic cross-reactivity with the antiserum induced by the 

heterologous vaccine and only nine of the forty pigs from the HE group had HI titers of 

1≥40 against the challenge strain before exposure to the seeder pigs. Of those, two pigs 

became infected and seven remained uninfected for the duration of the study. Therefore, 

HI titers against the challenge strain in HE pigs were not able to predict the infectious 

status of the pigs at the end of the study. The low immunogenicity against the challenge 

virus in the HE pigs was expected and is in agreement with other studies where pigs 

vaccinated with licensed inactivated vaccines became infected when challenged with 

heterologous influenza viruses (Haaheim and Schild, 1980; Lee et al., 2007; Vincent et 

al., 2008b, 2009).  At the end of our study not all pigs that seroconverted to the challenge 

strain shed virus. Eighteen of the 40 pigs in the HE group had positive HI titers against 

the challenge strain at necropsy, and in 9 of the 18 pigs with HI titers ≥ 40 the virus could 

not be detected from nasal swabs samples. Lack of detection could be due to protection 

and lack of virus replication, or due to the amount of virus excretion being below 

detectable levels. 
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Clinical signs were relatively mild in all the infected pigs similarly to what has 

been reported in previous studies using the same influenza virus (Heinen et al., 2001; Van 

Reeth et al., 2001; Lee et al., 2007; Vincent et al., 2009). In our study, both vaccines 

decreased the presence of disease and the impact of influenza infection. Scores from 

macroscopic and microscopic lung lesions indicate that the extension of lesions at 

macroscopic level but not the severity were higher in the HE group compared with the 

HO group.  

 

Differences in transmission could also be due to differences in vaccine efficacy 

due to different antigen concentration, adjuvant used, or both factors (Bikour et al., 1994; 

Van der Goot et al., 2005). A study with equine H3N8 strains documented the crucial role 

of vaccine dose and adjuvant in protection against heterologous challenge (Webster and 

Thomas, 1983). In our study, the amount of antigen was not standardized between the 

homologous and the heterologous vaccines because the HE group was vaccinated with a 

licensed commercial heterologous vaccine and information on the antigen content was 

not available. The improved protection provided by the autogenous vaccine was most 

likely due to its preparation with the virus strain homologous to the challenge virus. It is 

well documented that strain-specific antibody is more effective than cross reactive-

antibody in conferring protection against flu infection (Haaheim and Schild, 1980). In our 

study, pigs that received the homologous vaccine had no detectable virus in nasal 

secretions, had a robust antibody response to the challenge virus, and had significantly 

lower lung lesion scores compared with the pigs that received the licensed heterologous 

vaccine, suggesting that those pigs were protected against a homologous influenza 



 

 62

challenge virus. 

 

An important consideration in regards to inactivated vaccines is whether viruses 

can replicate and transmit in the presence of some degree of immunity. Under those 

conditions, virus escape variants can arise and can lead to antigenic drift, loss of vaccine 

efficacy, and emergence of new strains. Subclinical infections with virus shedding can 

occur in vaccinated animals, particularly when there is a mismatch between the vaccine 

and field virus strains. In our study, virus replication and transmission was observed in 

the HE vaccinated group which emphasizes the role of vaccination in the establishment 

of endemically infected populations and predisposition to virus change. However, 

whether virus changes can happen as a result of vaccine immune pressure it is beyond the 

scope of this study and warrants future studies.  

 

A limitation of our study is the inoculation dose of the seeder pigs that could lead 

to a higher shedding of influenza and consequently to overestimate R compared to 

conditions that occur in the field. In addition, this study was limited to one licensed 

vaccine and the results only reflect the transmission of a single H1N1 flu strain in a 

limited population. Therefore, transmission parameters in populations vaccinated with 

others vaccines and infected by different strains would need to be evaluated to further 

assess influenza transmission patterns in pigs.  

 

Estimates of transmission parameters derived from this study can help to further 

understand influenza transmission dynamics in naïve and immune swine populations. In 
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our study, transmission was significantly reduced by vaccination but it could not be 

completely prevented when a heterologous vaccine was used. Virus transmission and 

replication was delayed and variable in the heterologous vaccinated group. On the other 

hand, transmission could not be detected homologous vaccinated pigs.  

 

Active transmission, took place even in the absence of clinical signs and presence 

of partial immunity, which contribute to the establishment of endemically infected 

populations which in turn can represent a risk for interspecies transmission including 

transmission to people. The results of the present study support field observations in 

regards to the variability observed with influenza vaccines to affect transmission and 

spread of influenza virus. 
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Table 2.1  

HI geometric mean titers to 4 influenza virus strains after second vaccine and before 
contact (-2 dpc), and at necropsy (necropsy were at + 7dpc for the control group / +14 
dpc for the vaccinated groups).  
 
 
 

Reciprocal geometric mean HI titers 

Virus strain 
Group 

NV HE HO 

IA041    
before <10 14a 297 

necropsy <10 33b 360 

XP12H12    
before <10 307 38 

necropsy <10 240 57 

XP31H12    
before <10 229 <10 

necropsy <10 82 <10 

XP69H32    
before 15 494 <10 

necropsy 12 344 21 

 
a,b Different letters indicate statistical differences (p<0.05) 
1 Challenge strain IA04 (β) 
2 Commercial vaccine strains: XP12H1(γ), XP31H1(δ), and the XP69H3 
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Table 2.2  

Number of RT-PCR positive pigs per group of treatment and replicates at the 
end of the study.  
 
 
 

Treatment Replicate 
Positive 
contact 

pigs 

Total number 
of contact pigs 

  
Non-vaccinated 1 10 10 

Control 2 10 10 
  3 10 10 

Vaccinated 1 1 10 
Heterologous 2 5 10 

 3 2   9a 

  4 7 10 
 1 0 10 

Homologous 2 0 10 
  3 0 10 

 
 
a One of the contact pig was removed from the group at 11 dpc 
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Table 2.3  

Duration of virus shedding (infectious period) from seeder (S) and contact pigs (C) when 
all replicates were combined by group.  
 

 

Group  Number of pigs 
excreting virus a 

Infectious period b 
(days±SD) 

Days±SD between 
exposure and start 

of excretion c  

NV S 3/3 5.66 ± 0.58 – 
NV C 30/30           4.50 ± 1.07  2.83 ± 1.14 1 
HE S 4/4           5.25 ± 0.5 – 
HE C 15/40 3.50 ± 1.84  6.87 ± 4.17 2 
H0 S 3/3 4.33 ± 1.53 – 
H0 C 0/30           0  – 

 
 a  replicates from the same treatment were pooled 
 
 b average number of days from the first until the last day that influenza virus could    
   be detected from nasal swabs by PCR 
 
c  average number of days between exposure and the first sample detected positive 
 
1, 2 superscripts with different number indicate statistical differences ( p< 0.05) 
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Table 2.4  

Transmission parameter estimates and related 95% confidence intervals (CI) for each  
replicate and overall treatment groups. The number of initial infectious (Io) and  
susceptible (So) pigs in each replicate were Io=1 and So=10, except for HE 4 where 
the So=9. 
  

 

GROUP Replicate IPª βb Rc  (95%CI) Rd (95%CI) 
NV 1 4.7 1.99       9.35  (4   -18.7)  
NV 2 4.2e 4.71  19.81  (8.3-41.4)    10.66   (6.57-16.46)1 

NV 3 4.6e 1.85   8.51   (3.2-18.3)  
HE 1 4 0.12      0.51   (0.02-2.26)  
HE 2 5 0.36      1.8     (0.47- 3.9)    0.99   (0.39-2.09) 2 
HE 3 3.5 0.09     0.32    (0.01-3.27)  
HE 4 2.4e 0.53     1.27    (0.21-1.74)  
HO 1 0 2.23Í10-6 0  
HO 2 0 2.23Í10-6 0 03 

HO 3 0 2.94Í10-6 0   
  
a   IP: average duration (days) of the infectious period for the contact pigs  
b  β : transmission rate per day 

c  Reproduction ratio R by replicate 
d  Reproduction ratio R when replicates were combined by group.  
e  The infection chain had not ended at the termination of the study 
1,2,3 Superscripts with different number represent statistical differences (p<0.05)  
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Table 2.5  

Repeated measures analysis for individual clinical signs, and overall clinical signs by 
group of treatment (odds ratios OR and 95% confidence intervals). The referent for 
analysis is the homologous (HO) group. 
 
 
 

 
 

 

a,b Different letters indicate statistical differences  (p<0.05) 

 

CLINICAL SIGNS 
OR (95% CI) 

GROUP 
NV HE HO (referent) 

Rectal temp.  (°F) 2.35   (1.18-4.66) 1.28   (0.63-2.60) 1 
Lethargy 9.67   (2.13-43.8) 2.43   (0.51-11.7) 1 
Dyspnea 8.69   (1.07-70.1) 2.62   (0.29-23.3) 1 
Nasal discharge 2.31   (1.08-4.95) 0.27   (0.08-0.84) 1 
Cough 1.06   (0.99-1.13) 1.20   (0.97-1.06) 1 
Sneezing 7.02   (0.85-57.9) 0.95   (0.06-14.8) 1 
All 2.91b  (1.62-5.20) 1.08a  (0.59-1.98) 

 
 1a 
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Figure 2.1  

Mean ELISA s/n values against the nuclecapsid protein of influenza two weeks after the 
last (2 nd) vaccination and at necropsy (bars represent the mean of s/n values (±SD) to 
influenza ■ after vaccination, □ at necropsy.  
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* Significant differences between paired samples before exposure and at necropsy 
(p<0.05). 
ELISA s/n values positive <0.673; negative >0.673. 
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Figure 2.2  

Time to infection curves in the three treatment groups. 
All the pigs became PCR positive at 5 dpc in the NV group (C), and at 14 dpc 62% of the 
pigs in the HE vaccinated group remained uninfected. None of the pigs vaccinated with 
the HO vaccinated group was detected positive. One pig in the HE group  was censored 
(o) at 11 days because was humanely euthanized for other  reasons. Pigs uninfected at 14 
dpc were also censored at the end of the experiment.  
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Figure 2.3 

Influenza virus detection in individual exposed infected pigs assessed by RT-PCR from 
nasal swabs. Each set divided by a dashed line represents a transmission group. First 
positive day is represented by ‘□’, and the last positive day by ‘○’. Lines without symbol 
○ represent termination of the study prior to the end of the infection. 
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CHAPTER 3: 

NATURALLY OCCURRING INFECTION OF 2009 PANDEMIC 

H1N1 INFLUENZA VIRUS IN PIGS AND SUBSEQUENT 

EVALUATION OF VIRUS TRANSMISSION IN A CONVALESCENT 

POPULATION 
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3.1 Chapter summary 

The novel pandemic H1N1 2009 influenza virus (2009 pH1N1) is well 

established in pigs and it is becoming more and more prevalent in US swine herds. In 

October 2009 and ten days after purchase of weaned pigs from a commercial swine herd, 

infection with the 2009 pandemic H1N1 was confirmed in the newly purchased animals. 

In this chapter, we report the description of the 2009 pH1N1 infection in pigs in regards 

to clinical signs and duration of infection. In this chapter, we also report the experimental 

transmission of a triple reassortant H1N1 (IA/04) swine influenza virus in pigs 

convalescent from a 2009 pH1N1 infection. Transmission parameters including the 

reproduction number (R) of the infection, the transmission rates, and the length of viral 

excretion are compared between groups of convalescent, naïve, and vaccinated pigs. Pigs 

infected with 2009 pH1N1 had mild clinical signs and results from the epidemiological 

investigation indicated that pigs became infected at the herd of origin or during delivery. 

Results from the transmission study showed that  immunity induced by 2009 pH1N1 

natural infection was sufficient to prevent the spread of a triple reassortant H1N1 flu 

virus (R= 0.24, 95%CI 0.01-1), even when there was limited cross-reactivity in HI test 

between antisera from pandemic infected pigs and the challenge virus. The IA04 virus 

spread quickly in non-immune populations (R=9.8, 95%CI 4.2-19), while vaccinated pigs 

had decreased transmission although it was not completely prevented (R=1.2, 95%CI 0.2-

4). This information is relevant to understand how previous immunity against a specific 

influenza virus may affect transmission of distinct viruses in the field. 
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3.2 Introduction 

The emergence of the novel pandemic H1N1 2009 (2009 pH1N1) influenza virus 

in April 2009 that affected humans, swine, poultry, and companion animals has became a 

major concern for both human and animal health officials (WHO June 24, 2009).The 

recent pandemic infection complicates the epidemiology of endemic swine influenza 

viruses. Questions remain whether swine may become a reservoir for further reassortment 

that may produce novel viruses of potential threat to public health.  

 

In the US, multiple strains of influenza viruses are co-circulating in swine herds 

(Gramer et al., 2007a). From August 2009 to present, 46% of the recovered isolates in 

pigs from samples submitted to the University of Minnesota Veterinary Diagnostic 

Laboratory (UMVDL) belonged to H1N1 subtype, and 24% of them were 2009 pH1N1. 

In the same period the percentage of recovered isolates belonging to the δ-cluster 

increased up to 40% (Dr.Gramer personal communication). These results indicate that the 

2009 pH1N1 is well established in swine.  

 

The hemagglutin (HA) protein of the 2009 pH1N1 is derived from North 

American triple reassortant influenza viruses found in pigs while the genes encoding the 

NA and the M proteins are closely related to the European avian-like swine influenza 

virus (Dawood et al., 2009). Before 2009, this reassortant had never been identified in 

swine or other species and all evidence indicates that the initial spread of the virus in pigs 

occurred throughout human to pig transmission (DAFF, 2009; Holfshagen et al., 2009; 

Howden et al., 2009; Lorusso et al., 2010; Pereda et al., 2010). 
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The first case of 2009 pH1N1 natural infection in swine was reported in Alberta, 

Canada in May 2009. The incidence of illness in that case was low with minor clinical 

signs of fever, cough, sneezing, and nasal discharge (Howden et al., 2009). Experimental 

studies infecting naïve pigs with the 2009 pH1N1 reported influenza-like illness signs 

typical of influenza infection such as fever, sneezing, and nasal discharge during the first 

4 to 5 days post infection. Mild diarrhea was also reported associated to infection (Lange 

et al., 2009). In these studies nasal shedding started at 1 dpi with the peak of shedding 

observed at 4 to 6 dpi (Brookes et al., 2010). However, intermittent low excretion was 

detected by Lange et al (2009) between 10 to 16 dpi. The virus could be transmitted from 

infected to naïve pigs, but not from infected pigs to poultry. To date in pigs the virus has 

only been isolated from respiratory tract tissues (Brookes et al., 2009; Vincent et al., 

2010b). 

 

During the last two years several studies have assessed the effect of the 2009 

pH1N1 infection in pigs and the levels of cross-protection between H1N1 influenza A 

viruses currently circulating in pig populations (Brookes et al., 2009; Lange et al., 2009; 

Busquets et al., 2010; Kyriakis et al., 2010a; Vincent et al., 2010a, 2010b). Most of the 

experimental studies were focused on understanding whether prior immunity to endemic 

swine influenza virus or swine influenza vaccines would cross-protect against the 2009 

pH1N1 (Kyriakis et al., 2010a; De Vleeschawer et al., 2010; Lorusso et al., 2010). 

Kyriakis et al. (2010a) suggested that preexisting immunity to the established influenza 

strains partially protected pigs against 2009 pH1N1 in Europe. Dürrwald et al (2010) 

detected cross-reactive virus neutralization (VN) antibodies in pigs naturally immunized 
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with antigenically unrelated influenza virus strains when they were challenged with the 

pandemic virus. In a recent mapping of 2008 H1 field isolates circulating in US swine 

populations and representing the four H1 clusters, a moderate cross-reactivity (from 1:80 

to 1:160) between pandemic antisera and the γ-cluster influenza isolates was observed. 

On the other hand, a decreased cross-reactivity (from 1:10 to 1:160) was observed 

between the pandemic antisera and the α and β cluster influenza isolates from US pigs, 

and no cross reactivity between the 2009 pH1N1 antisera and viruses belonging to the δ-

cluster (Lorusso et al., 2010). Thus, preexisting immunity to certain currently circulating 

H1 influenza strains in US pigs may provide some level of protection against the 

pandemic virus (Vincent et al., 2010a). 

 

In addition, transmission of influenza virus is complex. There is limited 

information on how the natural occurring infection with 2009 pH1N1 can modulate 

transmission of other swine influenza viruses and how the establishment of such viruses 

in immune populations is affected. In the first part of this chapter, we report the natural 

occurring infection of 2009 pH1N1 in pigs. In the second part, we evaluate transmission 

patterns of a triple reassortant H1N1 swine influenza virus in a population with prior 

immunity against the pandemic strain compared to those from a vaccinated and a naïve 

population. 
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3.3 Natural occurring infection of 2009 pH1N1 in pigs  

Materials and methods 
 
Animals and animal housing 

 
Thirty-six, 3 week-old cross-bred pigs were purchased from a specific-pathogen-

free (SPF) herd. Pigs were free of porcine reproductive and respiratory virus (PRRSV) 

and M. hyopneumoniae, and born from sows unvaccinated against influenza virus. Pigs 

were distributed in three groups of twelve pigs each and placed in separate isolation 

rooms located at the University of Minnesota Animal Research Facility (St Paul, MN). 

One day after arrival, pigs in room 1 and 2 were vaccinated with an autogenous vaccine 

and a commercially licensed vaccine respectively. Pigs in room 3 were inoculated with 

sterile saline solution. Pigs were observed daily and rectal temperatures and clinical signs 

were recorded during the first three days post arrival. 

 

One week prior to the start of the study all piglets were tested at the herd of origin 

and at arrival to the research facilities. Nasal swabs and blood samples were collected 

from all pigs and tested for influenza A by real time reverse transcriptive PCR (RT-PCR), 

hemagglutination inhibition (HI) test, and enzyme linked immunoabsorbent assay 

(ELISA). At 9 days post arrival few pigs started to show nasal discharge, and nasal swabs 

were collected from all pigs within two days of that observation. Blood samples were 

also collected from all pigs at 15 days post arrival and tissue samples were collected at 

necropsy. A follow up investigation was also started in the herd of origin at that time.  
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Pigs were cared according to the University of Minnesota IACUC protocol 

number 0908A71965. Researchers conducting the study and research unit personnel wore 

N-95 respirator masks, protective glasses and gloves when they were accessing the pigs.  

 

Vaccines 

A triple reassortant H1N1 strain A/Sw/IA/00239/04 (IA04) belonging to the β 

cluster used in previous studies (Vincent et al., 2006; 2007) and isolated from field 

samples at the UMVDL was used to produce an experimental autogenous vaccine. The 

IA04 influenza virus was grown in bulk quantities using Madin-Darby canine kidney 

(MDCK) cells using standard procedures (Meguro et al., 1979) and adjusted to an HA 

titer of 1:128 /0.1 ml at the time of inactivation by the addition of formalin at a final 

concentration of 0.1%. The formalized virus was mixed with an adjuvant mixture of 

mineral oil (9 parts) and emulsifier (1 part; equal volumes of Span 85 and Tween 85) in a 

1:1 ratio and sonicated at 25W for 2-3 minutes.  

 

The licensed commercial heterologous vaccine (FluSure XP®, Pfizer Animal 

Health, New York, NY) contained three distinct inactivated influenza isolates: 

A/Swine/North Carolina/031/05 (H1N1), A/Swine/Missouri/069/05 (H3N2), and 

A/Swine/Iowa/110600/00 (H1N1). The H1N1 vaccine strains belonged to the γ and δ H1 

clusters.   

 

Sample processing and diagnostic tests 

Blood samples were collected by venipuncture of the jugular vein. After 
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collection, serum was separated and stored at -20°C. Sera were subsequently analyzed by 

HI and ELISA. HI tests were performed following standard procedures (Pedersen et al., 

2008). Sera samples were tested against the autogenous vaccine strain (IA04), the 

licensed commercial vaccine isolates H1N1 (XP12 H1, XP31 H1), the isolate H3N2 

(XP69 H3) and the pandemic isolate A/CA/04/2009 H1N1. Additionally, all sera were 

tested using the Influenza A Multiscreen ELISA (IDEXX FlockChek™ AI MultiS-

Screen Ab Test Kit, Idexx Lab., Westbrook, ME) to detect non specific subtype 

antibodies against the NP protein following manufacturer’s protocols (cut-off: positive < 

0.673, negative >0.673) (Ciacci-Zanella et al., 2010).  

 

 Nasal swabs were collected from individual pigs using rayon-tipped swab 

applicators with Stuart’s medium (BBL CultureSwab TM  liquid, Stuart single plastic 

applicator/Becton, Dickinson and Com., Sparks, Maryland 21152, USA). After 

collection, nasal swabs were suspended in 2ml of MEM supplemented with 4% BSA 

prior to processing for RT-PCR. The viral RNA was extracted using the magnetic particle 

processor procedure (MagMAXTM Viral RNA Isolation Kit, Applied Biosystems, USA) 

and subsequently tested using the procedure provided by the USDA-NVSL for detection 

of influenza A virus Matrix gene by RT-PCR (Spackman et al., 2002). Selected PCR 

positive results were additionally tested using the differential N1 subtype 2009 pH1N1 

RT-PCR procedure provided by the USDA-NVSL.  

 

At necropsy, tissues from lung lobes, tonsils, bronchial lymph nodes, nasal 

turbinate and trachea of each animal were collected for PCR virus detection and isolation, 



 

 80

and for histopathology to measure the severity of the lesions. For histopathology, the 

tissues were fixed in 10% buffered formalin.  Fixed tissues were routinely processed and 

stained with hematoxylin and eosin. Lung sections were given a score from 0-3 to reflect 

the severity of bronchioepithelial injury based on previously described methods (Richt et 

al., 2003).  

 

Virus isolation was performed from nasal swabs and tissues that tested positive by 

RT-PCR. Briefly, the supernatants from RT-PCR positive nasal swabs and tissues were 

used for virus isolation on MDCK cell monolayers. The monolayers were washed with 

Hank’s Balanced salt solution containing TPCK treated trypsin (1.5 µl/ml), inoculated 

with each supernatant and incubated for 1 hour at 37°C for virus absorption. After 1 hour, 

the samples were removed and MEM containing 4% BSA, TPCK treated trypsin (1.5 

µg/ml) with antibiotics (Neomycin 25mg/ml, Peniciline-Streptomicine 455 UI/ml,  

Amphotericin B 1.5 mg/ml (Sigma-Aldrich® Co., St Louis, MO, USA), and Gentamicin  

50µg/ml (Mediatech Inc., Manassas, VA 20109, USA) was added. The samples were 

then incubated at 37°C and observed daily for development of CPE over a period of 7 

days. If MDCK cell monolayer showed more than 80% CPE, it was tested for influenza 

antigen by Synbiotics Avian Influenza Virus A Antigen test kit (Synbiotics® 

Corporation, San Diego, CA 92127, USA). If the monolayer did not show CPE after 7 

days, the sample was frozen at -80°C and thawed for a second passage following the 

same procedure. A maximum of two passages were performed for each sample. 
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Results 

Clinical findings 

Twenty-four hours post arrival two pigs in room 3 sneezed and diarrheas were 

observed 2 days after arrival. At three days one pig in room 2 and two pigs in room 1 had 

rectal temperatures above 104 °F. Sporadic diarrheas were observed during the first week 

in all rooms. Some diarrheas persisted during the second week. Nasal discharges were 

observed at nine days post arrival. No coughing or lethargy could be observed during the 

first two weeks. A summary of the results can be seen in Table 3.1. 

 

Diagnostic results 

Pigs were antigen and antibodies negative to influenza virus in the herd of origin 

and at arrival at the research units (Table 3.1). Table 3.2 summarizes the results from 

nasal swabs taken from all pigs at 10 dpa, and at necropsy. At ten days, 4 of 12 pigs in 

room 1, 1 of 12 in room 3, and none in room 2 were positive to influenza virus by 

conventional RT-PCR assay. Three of them were also positive by the differential N1 

subtype 2009 pH1N1 RT-PCR assay and sequencing of the H1 and N1 segments 

confirmed infection with A/California/04/2009 H1N1 influenza virus.    

 

Follow up RT-PCR results from nasal swabs in all pigs were negative at 12 dpa 

and in subsequent testing at 13, 15, and 18 days (results not shown). In room 1, 15 days 

post arrival 11 of 12 pigs were positive against 2009 pH1N1 (HI titers ranged from 1:40 

to 1:320), and all pigs were positive by ELISA (mean s/n values 0.275 ±0.11). In room 3, 

9 of 12 pigs had HI titers against the pandemic strain ranging from 1:40 to 1:160, and all 
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pigs were also positive by ELISA (mean s/n values 0.406±0.11). However, the entire 

room 2 was serologically negative to the pH1N1 2009 strain by HI test (titers <10) and 

ELISA (mean s/n values 0.884±0.11).  

 

At necropsy, influenza virus could be detected by RT-PCR from the lungs of 3 

pigs in room 1 but from none of the pigs in room 3. The PCR products were subtyped as 

H1N1 but viruses could not be isolated from any of the samples. The average 

macroscopic lung lesions in those pigs was 4%±6.82 and microscopic lung lesions 

indicated moderate interbronchiolar edema with a mean score of 2.12±0.22 in lungs, 

2.04±0.5 in nasal turbinates, and 1.18±04 in trachea. Pigs in room 2 were not euthanized 

since signs of infection had not been detected. From room 3, 2 pigs were euthanized as 

explained before and the remained were kept for future studies. 

 

Epidemiological investigation 

Both herd of origin and study personnel were part of the follow up investigation. 

None of the study personnel or personnel working in the research facilities reported signs 

of influenza infection during the duration of the study. In addition all personnel accessing 

the pigs during the study wore PPE that included N-95 masks, gloves, and eye glasses. 

Thus it is unlikely that personnel involved in the study were the source of infection for 

these pigs.  

 

In regards to the herd of origin, blood samples collected from pigs prior to initiate 

this study in September and October 2009 were negative against 2009 pH1N1 influenza 
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virus by HI and were also negative against other swine reference influenza viruses. 

However, blood samples collected in November 2009, two weeks after the pigs for this 

study had been delivered were positive. These results suggest that the herd of origin was 

the most likely source of virus for the pigs in our study. It is likely that few pigs were 

incubating the disease at the time of delivery, or alternatively that they became infected 

during handling at delivery. Pigs were delivered by farm personnel who were also 

working at the herd of origin.   

 

3.4 Transmission study 

Materials and Methods  

Animals and animal housing 

Thirty three seven-week-old pigs were placed in three isolated rooms at the 

University of Minnesota Animal Research Facility (St Paul, MN). The pigs were 

distributed according to their influenza immune status as follows: a) naive control group 

(CTRL); b) group vaccinated with a commercial licensed vaccine (VAC); and c) 

convalescent pigs from a natural infection with 2009 pH1N1 influenza virus (CONV). 

The remaining 3 pigs were kept in a separate room to serve as seeders upon challenge 

with IA/04 influenza virus. Prior to the start of the transmission study, all pigs were free 

of PRRS virus, M. hyopneumoniae. All pigs tested influenza virus negative by RT-PCR 

assay prior to the start of the study.  
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Experimental design 

Four weeks prior to initiating the study, pigs in group VAC received 2ml of a 

commercially available influenza vaccine (FluSure XP®, Pfizer Animal Health, New 

York, NY) and the vaccine was repeated two weeks later. Pigs in CONV group had been 

naturally infected with pandemic A/California/04/2009 H1N1 influenza virus 

approximately 4 wks prior to the start of the study. At the time of the study, pigs were 

virus free but antibody positive. Pigs in group CTRL were naïve to influenza infection 

and were not vaccinated. Nasal swabs and blood samples were collected from all pigs 

prior to the beginning of the study.  

 

Two days after housing, seeder pigs were intratracheally and intranasally 

challenged with influenza A/Sw/IA/00239/04 H1N1 virus (IA04). Forty eight hours post 

challenge each seeder pig was placed in contact with the pigs in each group until the 

study was terminated. All pigs were observed daily and nasal swabs were collected daily 

and until the study was terminated at 14 days post exposure or when all contact pigs in a 

group became infected. At that point, pigs were humanely euthanized with an 

intravenously lethal dose of pentobarbital at the prescribed dose of 100mg/kg (Fatal-Plus 

Solution®, 250 ml, Vortech Pharmaceuticals, Dearborn, MI, USA). 

 

Challenge virus and vaccine 

The A/Sw/IA/00239/04 H1N1 virus (IA04) was used for challenge in this study. 

The IA04 influenza virus was grown in bulk quantities using Madin-Darby canine kidney 

(MDCK) cells using standard procedures (Meguro et al., 1979). The IA/04 strain (β 
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cluster) and the pH1N1 2009 were 90.6 % similar (HA nucleotide sequences). The H1N1 

vaccine strains contained in the commercial licensed vaccine (FluSure XP®, Pfizer 

Animal Health, New York, NY) belonged to the γ and δ groups, and were genetically 

distinct from the challenge strain (IA04). The A/Swine/Iowa/110600/00 (γ) vs. IA04, 

were 92.2% similar (HA nucleotide sequence), and the A/Swine/North Carolina/031/05 

(δ) vs. the IA04 were 66.8% similar (Mega 4 with Clustal W alignment/ 

www.pymol.org). Serologic HI cross-reactivity between licensed vaccine strains and 

challenge strain existed but was variable (Vincent et al., 2009). 

 

Virus inoculation 

Seeder pigs were infected intratracheally and intranasally with a total of 2 ml of 

the IA04 H1N1 challenge virus at a titer of 1Í106 TCID50/ ml.  Before inoculation, 

seeder pigs were sedated by an intramuscular injection of a dissociative anesthetic at the 

recommended dose of 6.6 mg/kg (0.06 ml/kg) (Telazol®, Fort Dodge Animal Health, 

Fort Dodge, IA) in compliance with the Institutional Animal Care and Use Committee of 

the University of Minnesota. Success of inoculation in the seeder pigs was confirmed by 

positive influenza A RT-PCR from nasal swabs at 24 h and at 48 h post inoculation. Viral 

isolation and titration was conducted from nasal swabs at 48 h post inoculation.   

 

Sample processing and diagnostic tests 

After collection, nasal swabs were suspended in 2ml of MEM supplemented with 

4% BSA prior to processing for RT-PCR. The viral RNA was extracted using the 

magnetic particle processor procedure (MagMAXTM Viral RNA Isolation Kit, Applied 

http://www.pymol.org
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Biosystems, USA) and subsequently tested using the procedure provided by the USDA-

NVSL for detection of influenza A virus Matrix gene by  RT-PCR (Spackman et al., 

2009). The minimum detection limit of influenza virus by this method is 101 TCID50/ ml. 

 

Virus isolation and titration was performed only from the nasal swabs collected 

from the seeder pigs at 48 hours post inoculation on MDCK cell monolayers following 

standard procedures (Meguro et al., 1979). Supernatants showing CPE were titrated using 

ten-fold serial dilution and expressed as a log 10 TCID50/ml calculated by the 

Spearman–Karber method. 

 

After collection, serum was separated and stored at -20°C. Sera were 

subsequently analyzed by HI and ELISA. Samples were HI tested against the challenge 

strain (IA04), the 2009 pH1N1 (CA/09) strain, the licensed commercial vaccine isolates γ 

and δ (XP12H1, XP31H1), and the isolate H3N2 (XP69H3) prior to the start of the study, 

and again at necropsy. Additionally, all sera were tested using ELISA (IDEXX 

FlockChek™ AI MultiS-Screen Ab Test Kit, Idexx Lab., Westbrook, ME) to detect 

antibodies against the NP protein. 

 

At necropsy, lungs were evaluated for the percentage of macroscopic lung lesions. 

Lesions were photographed, sketched on a standard diagram, and the proportion of 

affected lung assessed (Harbur et al., 1995). In addition, tissues from lung lobes, tonsils, 

bronchial lymph nodes, nasal turbinate and trachea of each animal were collected for RT-

PCR virus detection and for histopathology. A single pathologist examined all slides and 
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was blinded to the treatment groups.  

 

Statistical methods 

To measure antibody responses, log-transformed results (HI antibody titers) and 

ELISA mean values were analyzed using analysis of variance (ANOVA). Rectal 

temperatures recorded during the 7 dpc were analyzed using a repeated measures analysis 

of the variance of the least squares means estimates to check a significant group effect. 

Temperatures ≥104°F (40°C) were considered to be a significant febrile response.  

ANOVA and non-parametric tests were used to calculate the means and standard 

deviations from macroscopic and microscopic lesion scores in lungs from each group. 

The response variables that had a significant effect (p ≤0.05) by treatment group were 

further analyzed through pair-wise comparisons using the Tukey–Kramer method. The 

seeder pig in each replicate was excluded from these analyses because it was 

experimentally inoculated and untreated. The analyses were performed using SAS (SAS 

System, SAS Inst., Cary, North Carolina, v 9.2). 

 

Similar to Chapter 2, the estimation of the reproduction number (R) was 

calculated using a stochastic SIR (Susceptible-Infectious-Recovered) model (Bailey et al., 

1975), from the daily transmission rate β and the average infectious period of the contact 

infected pigs in each group. The transmission rate β by day (∆t=1) was estimated by a 

generalized linear model (GLM) with a complementary log-log link function and log I 

∆t/N as the offset variable (number of infectious pigs/ total number of pigs) (Becker et al., 

1989).   
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A pig was considered infectious (I) if influenza virus was detected by RT- PCR 

on nasal swabs, and it was considered susceptible (S) if it was not detected positive by 

RT-PCR. Knowing the number of S contact pigs and the number of I pigs at the start of 

each period ∆t (St-1, It-1), the number of new infections that appeared at the end of each 

period (Ct), and the total number of animals in each period (N), the GLM could provide a 

direct estimate of β from the equation log [-log (1-C/S)] = log (β) + log (I∆t/N). This 

equation model is similar to the linear model as follows: log [-log (1-E(C)/S)] = βo + β1X 

where the intercept coefficient βo = log (β), with corresponding β1 = 1 including the 

predictor X=log (I∆t/N) as a fixed offset. With the transformation of log (β), the 

transmission parameter β can be estimated. The average of the infectious period in each 

group was calculated by survival curves. The analysis was carried out in SAS (SAS 

System, SAS Inst., Cary, North Carolina, v 9.2). 

 

Results 

RT-PCR test on nasal swabs and lung tissues 

All seeder pigs were RT-PCR positive at 48h post inoculation and virus titers 

from nasal swabs ranged from 3.1×104 to 1×105 TCID50 /ml when they were mixed with 

the contact pigs. 

 

In the CRTL group all contact pigs (100%) were RT-PCR positive at 5 days post 

exposure and nine of them remained positive until necropsy. In groups VAC and CONV 

70% and 10% of the pigs respectively, tested positive by RT-PCR during the study 

(Figure 3.1). The endpoint for the CTRL group was at 8 days and for the other groups at 
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14 days. At necropsy, influenza virus was detected by RT-PCR from lungs in 9 of 10 pigs 

in the CTRL group, in 1 of 10 pigs in the VAC group, and in none of the pigs in the 

CONV group. 

 

When we compared the cumulative percentages of contact pigs infected per day 

between treatment groups, the log-Rank test from the Kaplan-Meier survival analysis 

indicated that the percentage of infected pigs was significantly higher in the CTRL than 

in the VAC and CONV groups (p<0.0001) (Figure 3.2). 

 

Duration of virus shedding  

The mean length of the infectious periods (i.e. time between the first and the last 

day that virus could be detected from positive nasal swabs (95% CI)) by the seeder and 

the contact pigs is shown in Table 3.3. The seeder pigs remained PCR positive for 3 days 

post contact in all groups. Average infectious period for the contact infected CTRL pigs 

was 5.3 (4.65-5.95) days and 2.28 (1.09-3.46) days for the contact infected pigs in the 

VAC group. In the CONV group, only one nasal swab was PCR positive in one day. The 

infectious period was significantly shorter in the VAC and the CONV groups than in the 

CTRL group (p<0.002). 

 

Reproduction number (R) 

The summary of the transmission parameter estimates for each treatment group 

are displayed in Table 3.3. In the CTRL group, all the contact pigs became infected and R 

(95% confidence interval) was estimated at 9.8 (4.2-19.5). In contrast, the estimate of R 
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was 1.2 (0.2-4) in the VAC group, and 0.24 (0.01-1) in the CONV group. A significant 

reduction in the value of R was observed in the VAC and in the CONV groups based on 

the confidence intervals around the point estimates of R. Among those, no statistically 

significant differences could be found in the transmission rates of influenza and in the 

estimates of R.   

 

Blood samples 

At the start of the study, nasal swabs from all pigs were negative to influenza 

virus by RT-PCR, and all pigs were negative to PRRSV and M. hyopneumoniae at 

necropsy. Tables 3.4 and 3.5 summarize the number of seropositive pigs (HI titers ≥40) 

and the mean values of HI antibody titers against the 5 selected flu strains prior to 

commingling with the seeder pigs, and at necropsy. In addition, results of the serological 

values for each pig can be seen in Table 2.6.  

 

Four weeks after natural infection with the CA/09, 8 of the 10 pigs in the CONV 

group had titers ≥40 (range 1:40-1:320) and all had HI titers ≤20 against the challenge 

strain (IA04). At necropsy, mean HI titers against the CA/09 in this group remained at the 

same levels, and none of the pigs seroconverted to the challenge virus. In contrast, 2 of 

the 10 contact pigs in the VAC group had HI titers 1:40 and 1:80 against the challenge 

strain, and all the pigs had virus titers above 1:160 against the H1N1 and the H3N2 

strains contained in the vaccine at the start of the study. In this group, the mean HI titers 

against CA/09 increased from 18 to 36 at necropsy, and although in 7 of 10 pigs the virus 

could be detected from nasal swabs by PCR, the mean HI titers against the challenge 
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strain remained at the same levels than those at the start of the study. In the CTRL group, 

all the pigs were seronegative against the CA/09 and the challenge strain, prior to 

comingling with the seeder pig and at necropsy. The lack of seroconversion against the 

challenge virus was most likely due to the limited time between infection and necropsy (≤ 

7 days). 

 

Statistical differences were found in the ELISA mean s/n values between all three 

groups before contact with the seeder pigs (p<0.0001), but not at necropsy (p=0.069). 

The mean values were positive in the VAC and in the CONV group, but while the levels 

were not different at necropsy in the CONV group, the mean values in the VAC group 

decreased significantly at necropsy (p=0.04) as well as in the CTRL group (p<0.0001) 

(Figure 3.3). 

 

Clinical signs 

Clinical signs associated to flu infection were mild in all pigs, and no pigs died 

during the study. Pigs in the CTRL group had a significant overall febrile response to 

infection compared with the other two groups (p= 0.001). The febrile response peaked at 

1, 6 and 7 days in the CTRL group. Pigs in groups VAC and CONV had significant 

protection against a febrile response following transmission with the IA/04 (p=0.05) 

(Figure 3.4). 

 

Macroscopic and microscopic lung lesions 

Macroscopic pneumonia in the CTRL group was typical of influenza induced 
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lesions in pigs. Ten of the pigs had consolidated lung lesions at necropsy. Macroscopic 

lung lesions for CRTL group averaged 13.9% on day 7 post exposure, whereas the 

averages for the VAC and the CONV pigs were significantly lower at 14 days post 

exposure (p<0.001). Macroscopic lung lesions were not significantly different at p<0.05 

between the VAC and the CONV groups. Microscopic lung lesions scores (0-3) averaged 

2.8 on day 7 post exposure in the CRTL group, and 1.5 and 0 in the VAC and CONV 

groups respectively at necropsy, reflecting similar extension of the macroscopic lesions 

but differing in severity between the VAC and CONV groups (Table 3.7). 

 

3.5 Discussion 

The novel 2009 pH1N1 identified in humans in North America in April 2009 

(Garten et al., 2009) quickly spread in pig populations. Unfortunately, spread of 2009 

pH1N1 further complicates the epidemiology of endemic swine influenza virus 

infections. Outbreaks with pandemic influenza in pigs were reported around the world, 

and in most cases, epidemiological investigations concluded that infected pigs had been 

in contact with infected people previously and therefore people was the most likely 

source of infection (DAFF, 2009; Hofshagen et al., 2009; Howden et al., 2009; Lorusso 

et al., 2010; Pereda et al., 2010).  

 

Experimental studies using the 2009 pH1N1 strain demonstrated the susceptibility 

of weaned pigs to infection and clinical disease, and the high transmissibility of the virus 

in pig populations (Lange et al., 2009; Brookes et al., 2010; Vincent et al., 2010a). In our 

naturally occurring infection case report with 2009 pH1N1virus, the exact time of the 



 

 93

infection was unknown. However we speculate that pigs came into the isolation units 

carrying the virus or that became infected at delivery. Serologic findings indicated that 

the virus started to spread during the first week of arrival at the isolation facility and 

results from the diagnostic tests suggest that infection moved faster in room 3 than in 

room 1. At 10 days post arrival only one pig in room 3 was shedding the virus, and none 

could be detected positive in samples collected from 13 to 15 days. However, the 

humoral immune response in that group against the pandemic strain at 15 days post 

arrival indicated that all pigs had been exposed to the pandemic virus. In room 1, the 

spread of the infection appeared slightly delayed since at 10 days, the virus could be 

detected in 4 of the 12 pigs from nasal swabs and at 15 days in 3 samples from tissues at 

necropsy. The role that the initial experimental autogenous vaccine played in the spread 

of the infection in room 1 is unknown and could not be determined. Protection conferred 

by influenza inactivated vaccines is based on antibodies against HA produced after two 

consecutive doses (Stephenson et al., 2003) but inoculation of the autogenous vaccine at 

arrival could have activated an unspecific immune response most likely due to the 

adjuvant (oil-based), and that could have played a role in the slightly delayed spread of 

influenza virus in that room. Alternatively, the number of infected pigs at arrival in each 

room could have been different and therefore the spread patterns could have been 

different as well. 

 

Clinical signs observed during the infection with 2009 pH1N1 were very mild and 

results reported here are consistent with reports of pigs becoming infected with the 2009 

pH1N1 in the field. In these reports, pigs displayed mild or subclinical respiratory disease 
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(http://www.oie.int/eng/en_index.htm). The presence of diarrhea has been sporadically 

observed as a complication in experimentally infected pigs with 2009 pH1N1 (Lange et 

al., 2009). In our report even non infected pigs (room 2) showed intermittent diarrheas 

during the first two weeks post arrival. Non-specific diarrheas are not uncommon in pigs 

recently weaned. Nasal discharges observed at 9 days post arrival were the predominant 

clinical sign in the influenza infected pigs. 

 

Craneoventral lung consolidation observed at 6 days post infection in 

experimentally infected pigs with the pandemic strain was reported at 10% to 22% 

(Vincent et al., 2010a). In our findings, the percentage of affected lung was 4% at 15 dpa, 

which may suggest the start of the recovery and/or a lower initial infective dose. At 

necropsy, lung samples from 3 pigs were positive by RT-PCR assay, but negative to virus 

isolation. The negative virus isolation was likely due to sampling, and/or the 

inflammatory response in the lungs leading to virus inactivation, and/or the amount of 

virus present in the samples, which demonstrates the sensitivity of the Matrix gen real 

time RT-PCR assay to detect this viral nucleic acid. 

 

Personal protective equipment (PPE) used by researchers and unit personnel in 

the research facilities demonstrated its efficacy in preventing influenza transmission from 

pigs to humans since nobody became sick. The PPE consisted of N-95 respirators, gloves, 

eye protection, hair covers, boots and coveralls, and there was exclusive equipment for 

each group. The biosecurity level of the facilities, the preventive measures taken by 

http://www.oie.int/eng/en_index.htm
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personnel, and the fact that the farm of origin became positive to 2009 pH1N1 influenza 

virus in November suggested that the herd of origin was the source of the infection. 

 

In regards of the transmission study and as 2009 pH1N1 influenza virus is 

becoming well established in swine populations, questions remain whether pigs can 

become a virus reservoir that may lead to further reassortments. In addition we need to 

better understand how previous immunity against the pandemic strain can change the 

constellation of influenza viruses circulating in pigs, leading to an increase of other 

subtypes (i.e. H3N2, H1N2) with no cross-reactivity against 2009 pH1N1 virus.  

 

Vaccination is by far, the most common strategy to prevent and control influenza 

infections and is a common practice in US swine herds. Therefore, understanding how 

transmission happens under different conditions of immunity and virus circulation is 

important. The objective of this transmission study was to evaluate the effect of three 

current scenarios happening in the field in regards to vaccination and exposure to prior 

infection on transmission of a triple reassortant H1N1 influenza virus (IA/04) in pigs by 

quantifying transmission parameters in each scenario. Under the conditions of this study, 

the challenge influenza virus spread quickly among the non-vaccinated pigs as expected 

in a non-immune population. A significant reduction on virus transmission was observed 

in the vaccinated group compared to the naïve control group, but R was not statistically 

significant below 1. In addition, 3 pigs in the vaccinated group were shedding influenza 

virus at 14 days after virus exposure indicating that the transmission chain had not ended 

at the termination of the study. These results suggest that we cannot exclude the 
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possibility that major outbreaks of influenza can occur in vaccinated populations which 

confer only partial immunity to a population. In the CONV group, the challenge flu virus 

could only be transmitted to one pig the first day after exposure and the infection faded 

out, suggesting that natural immunity against 2009 pH1N1 influenza virus can prevent 

transmission of a triple reassortant H1N1 influenza virus. 

 

Although the number of secondary infections was different in each group, the 

power to detect statistical differences between vaccinated and convalescent pigs on 

transmission was not sufficient due to the small sample size of both populations. 

However it was enough to determine that preexisting immunity conferred by influenza 

vaccines and natural infection was effective in reducing transmission when compared 

with the naïve pigs. 

 

Differences in transmission patterns among groups can be explained by 

differences in the infectivity of the infectious pigs and the susceptibility of the not yet 

infected pigs, since both factors determine the reproduction ratio of an infection. The 

amount of virus shed from infected pigs was not quantified in this study, but it is known 

that influenza virus excretion is reduced by natural immunity and vaccination (Vincent et 

al., 2010b; Kyriakis et al., 2010b). A key factor in infectivity is also the time that the 

virus is shed by infected pigs. The average days of that the virus could be detected in 

nasal secretions were 5.3, 2.8 and 1 for the CRTL, VAC, and CONV groups respectively, 

showing a significant reduction in the length of shedding in animals with previous 
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immunity even in a heterologous challenge which is in agreement with previous studies 

(Heinen et al., 2001; Van Reeth et al., 2003). 

 

The susceptibility of an animal is related to the level of protection to become 

infected. Protective immunity against influenza involves both humoral and cell mediated 

immune responses. Antibodies, induced by inactivated vaccines play a significant role in 

attenuating and preventing swine influenza infections, but the levels of HI titers can only 

predict protection between influenza strains closely related antigenically to the HA. In 

this study, we used the IA04 H1N1 as a prototypic triple reassortant H1N1 virus 

belonging to a different cluster than the pandemic virus and the H1N1s strains contained 

in the commercial vaccine. In the CRTL group, none of the pigs had HI titers against the 

IA/04 after infection due to the short time between infection and necropsy, but 9 out of 

10 pigs had detectable antibodies against the nucleoprotein by ELISA. 

 

Some levels of cross-reactivity have been demonstrated in HI assays between 

antisera from pigs infected with the IA04 and the CA/09 influenza virus (Vincent et al., 

2010b). In our study, no cross-reactivity was found between antisera from pigs infected 

with the CA/09 and the IA/04 influenza virus before exposure to the seeder pig in 

agreement with findings reported by Lorusso et al (2009). At necropsy none of the pigs in 

the CONV group exhibited positive titers (≥40) to the challenge virus but 2 out of 10 had 

HI titers of 1:20. In the VAC group, higher level of cross-reactivity was observed 

between antisera from vaccinated pigs and the IA04 influenza virus before exposure. 

Reciprocal geometric means were low (1:17), but 3 out of 10 pigs had HI titers of 1:20, 
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and 2 pigs had titers of 1:40 and 1:80 before exposure. At necropsy, 3 out the 7 infected 

pigs had seroconverted, and titers ≥40 prior to exposure, did not protect pigs against 

influenza transmission.  

 

The serological results from our study indicate that the immunity provided by 

influenza infection with the pandemic strain prevented transmission of a contemporary 

H1N1 swine influenza virus even with an unrelated HA gene and  limited cross-reactivity 

in HI assays. These results are not totally surprising because natural infection with 

influenza arises from both the humoral and cell mediated immune responses as well as 

the levels of mucosal IgAs (Heinen et al., 2001). IgA has been shown to be more cross-

reactive than IgG against heterologous influenza viruses (Tamura et al., 1991). The low 

immunogenicity against the challenge strain in vaccinated pigs was expected and it was 

in agreement with other studies where pigs vaccinated with commercial inactivated 

vaccines became infected when challenged with heterologous influenza viruses (Lee et 

al., 2007; Vincent et al., 2008b). 

 

In addition, clinical signs were relatively mild and not sufficient to establish 

comparisons between groups with almost no detectable coughing or distress, similarly to 

what has been reported by Vincent et al (2006). The increase of rectal temperatures at 24 

h post exposure in all groups appeared to be related to the comingling of pigs rather than 

to infection. Previous immunity induced by the vaccine or after infection, reduced the 

overall febrile response during the 7 days post virus exposure. The lung lesions induced 

by the IA04 influenza virus at 7 days post exposure in non-vaccinated pigs (CRTL) were 
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consisted with previous findings in experimentally infected pigs (Vincent et al., 2009). 

The severity of the lesions were reduced in pigs from the CONV group than in pigs 

vaccinated with a commercial vaccine, indicating that pigs in the CONV group were 

recovered from the initial infection.  

 

To our knowledge this is the first study evaluating the effect of natural immunity 

against the 2009 pH1N1 on transmission of a H1N1 triple reassortant influenza virus in 

pig populations. Convalescent pigs recovered from 2009 pH1N1 influenza infection were 

protected against the spread of a heterologous H1 triple reassortant virus. However, the 

challenge virus could be detected from nasal secretions in pigs vaccinated against 

influenza and the infection lasted longer than in naïve pigs.  

 

Our study had several limitations. In the pandemic infection case report subtyping 

was performed from PCR positive tissues at necropsy but not sequencing. Therefore it is 

not known if more than one H1N1 influenza virus was implicated in the infection. In 

addition, the source of the virus was clarified, but not the time of infection. If we had 

known the timing of infection, we could be more precise in defining infection patterns 

and the dynamics of viral excretion. In the transmission study, the study was limited to 

one licensed vaccine and the results only reflected transmission of a single H1N1 flu 

strain. Additionally, the small sample size of the groups limited the findings of our study. 

Nevertheless, the information provided here is relevant to understanding the dynamics of 

influenza infection in the field where there is lack of uniform immunity in the population.
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Table 3.1  

Diagnostic results prior to infection and clinical signs observed in pigs infected with 2009 pH1N1 influenza virus. Hemmaglutination 
inhibition (HI) test against pH1N1 2009 and ELISA s/n value results.  
 

GROUP Days post arrival  
- 7 0 1 2 3 9 

  NS   0/12*  NS   0/12      Mean rectal temp. 
102. 58 °F 

  

Room 3 HI    0/12 HI    0/12 Sali. Solu.  diarrhea 
  ELISA  0/12 ELISA 0/12     diarrhea nasal discharg. 
       

  
NS   0/12  NS   0/12  Experimental 

Vaccine 

  
diarrhea 

Mean rectal temp. 
102.53 °F 
  

 

Room 2 HI    0/12 HI    0/12 diarrhea 

  ELISA  0/12 ELISA  0/12    
       

  
NS    0/12  NS   0/12         Licensed 

Vaccine 
  
diarrhea Mean rectal temp.  

Room 1 HI     0/12 HI   0/12 103.28 °F diarrhea 
  ELISA  0/12 ELISA  0/12     nasal discharg. 

 

* Number of positives/total number of nasal swabs NS 
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Table 3.2 

Summary of RT-PCR assay, 2009 pH1N1 RT-PCR and sequencing from nasal swab 
specimens from pigs at 10 days post arrival. Results from necropsy are reported from the 
pigs euthanized at 15 days post arrival. 
 
 

ID ROOM 
NASAL SWAB (10 dpa) LUNGS (necropsy)* 

PCR pH1N1  isolation sequencing PCR PCR isolation 
  PCR       subtype   

639 2 negative       
644 2 negative       
646 2 negative       
647 2 negative       
653 2 negative       
659 2 negative       
663 2 negative       
667 2 negative       
670 2 negative       
671 2 negative       
679 2 negative       

 682* 2 negative       negative   negative 
 641* 1 positive suspect negative  negative   
 648* 1 negative    negative   
 656* 1 negative    positive H1N1 negative 
 658* 1 negative    positive H1N1 negative 
 662* 1 negative    negative   
 666* 1 positive positive positive A/CA/04 negative   
 673* 1 negative    negative   
 675* 1 negative    negative   
 677* 1 negative    negative   
 681* 1 positive suspect negative  positive nontypable negative 
 684* 1 positive positive negative  negative   
 685* 1 negative       negative     
640 3 negative       
642 3 negative       
645 3 negative       
649 3 negative       
657 3 negative       
660 3 negative       

 661* 3 suspect  negative     
668 3 negative       
669 3 negative       
674 3 negative       

 683* 3 positive positive negative     
686 3 negative             

         
*Pigs euthanized at 15 dpa. Pigs in room 2 and room 3 were not euthanized 
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Table 3.3  

Summary of transmission parameter estimates and infectious period for each treatment 
group. 
 
 

GROUP IP Log (β) β R 
(95% CI) (95% CI) (95% CI) (95% CI) 

     
CTRL 5.3   (4.6-5.9)   a 0.61   (-0.08-1.19) 1.85   (0.9-3.2) 9.8  (4.2-19) a 

VAC 2.2   (1.09-3.4) b -0.61   (-1.6-0.14) 0.53   (0.1-1.1) 1.2  (0.2-4)  b 

CONV        1 c -1.4     (-4.2-0.06) 0.24   (0.01-1) 0.2  (0.01-1)b 

 
 

a,b,c Different letters indicate significant statistical differences (p<0.05) 

IP= infectious period; β= transmission rate; R= reproduction ratio of the infection 
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Table 3.4  

Summary of RT-PCR assay results (NS) and serological findings (HI) against influenza 
virus in the contact pigs by group, prior to exposure to the challenge strain (IA04). 
 
 

  GROUP 
  CRTL VAC CONV 
NS RT-PCR  0/10** 0/10 0/10 

HI* 

CA/09 pH1N1 0/10 (<10)* 0/10 (18) 8/10 (52) 
IA04 (β) 0/10 (<10) 2/10 (17) 0/10 (<10) 
XP12 H1(γ) 0/10 (<10) 7/7   (353) 0/7   (<10) 
XP 31 H1(δ) 0/10 (<10) 7/7   (215) 0/7   (<10) 
XP69 H3 2/10 (21) 10/10  (242) 4/10 (26) 
ELISA             
(s/n ± SD) 

0/10 
(0.834±0.05) 

4/10 
(0.648±0.19) 

10/10 
(0.320±0.11) 

 

* In parenthesis HI geometric means against HA for the 2009 p H1N1 (CA/09), the 
challenge IA04, the H1s (XP12 and XP31) and the H3 (XP69) strains from the licensed 
heterologous vaccine 
 
** Number of positive pigs/total number of contact pigs 
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Table 3.5 

Summary of RT-PCR results (NS) and serological findings (HI) against influenza virus at 
necropsy in the contact pigs by group. 
 
 

  GROUP 
  CRTL VAC CONV 
NS RT-PCR  9/10** 1/10 0/10 

HI* 

CA/09 pH1N1 0/10  (<10)* 5/6     (36) 6/6   (60) 
IA04 (β) 0/10  (<10) 3/10   (17) 0/10 (6) 
XP12 H1(γ) 0/10  (<10) 10/10 (196) 0/9   (<10) 
XP 31 H1(δ) 0/10  (<10) 7/10   (34) 0/9   (<10) 
XP69 H3 0/10  (<10) 10/10 (242) 0/10 (<10) 
ELISA           
(s/n ± SD) 

9/10    
(0.52±0.135) 

7/10    
(0.436±0.31) 

10/10   
(0.301±0.08) 

 

* In parenthesis HI geometric means against HA for the 2009 p H1N1 (CA/09), the 
challenge IA04, the H1s (XP12 and XP31) and the H3 (XP69) 
 
** Number of positive pigs/total number of contact pigs 

 

 

 



 

 105 

Table 3.6   

Individual HI titers against CA/09 and IA04 and ELISA s/n values at day 0 pc (a) and at 
necropsy (b) and RT-PCR results from nasal swabs and tissues at necropsy.   
 
 
ID GROUP CA/09a CA/09b IA04a IA04b ELISAa ELISAb NS PCR TISSUE 

PCRb 

1 CRTL <10 <10 <10 <10 0.832 0.632 + + 
3 CRTL <10 <10 <10 <10 0.856 0.505 + + 
4 CRTL <10 <10 <10 <10 0.755   0.63 + + 
6 CRTL <10 <10 <10 <10 0.797 0.616 + + 
7 CRTL <10 <10 <10 <10 0.852 0.607 + + 
13 CRTL <10 <10 <10 <10 0.898 0.716 + + 
14 CRTL <10   10 <10   10 0.823 0.365 + + 
15 CRTL <10 <10 <10   20 0.754 0.407 + + 
17 CRTL <10 <10 <10 <10 0.861 0.357 + + 
19 CRTL <10 <10 <10 <10 0.919 0.37 + – 
639 VAC 20   na   10 <10 0.763 0.818 – – 
644 VAC 20 160   40   80 0.767 0.085 + – 
646 VAC 20   40   10   20 0.767 0.283 – – 
647 VAC 20 <10   20 <10 0.803 0.732 + – 
653 VAC 20   10   10   10 0.692 0.602 + + 
659 VAC 10 320   20 ≥640 0.6 0.079 + – 
663 VAC 20   40   80   20 0.291 0.139 + – 
667 VAC 20 160   10   80 0.832 0.155 + – 
670 VAC 20   na   20   10 0.337 0.678 + – 
671 VAC 20   20   10   10 0.631 0.797 – – 
640 CONV 40   80 <10   10 0.57 0.368 – – 
642 CONV 80   80 <10 <10 0.299 0.316 – – 
645 CONV 40   80 <10   20 0.25 0.258 – – 
649 CONV 20   na <10   10 0.31 0.272 – – 
657 CONV 320   80    20   10 0.167 0.182 + – 
660 CONV 80   40 <10 <10 0.331 0.378 – – 
668 CONV 40   80 <10   10 0.229 0.188 – – 
669 CONV 20   na <10   20 0.282 0.271 – – 
674 CONV 80   na    10   10 0.337 0.367 – – 
686 CONV 40   na <10 <10 0.434 0.417 – – 
 
NS PCR indicates detection of influenza virus in samples from nasal swabs during the 
study. 
 
TISSUE PCR indicates detection of influenza virus from respiratory tissues at necropsy. 
 
 

 

 



 

 106 

Table 3.7   

Percentage of macroscopic lung lesion (%±SD) and microscopic lesion severity score 
(the maximum of severity score is 3) at necropsy. CTRL group were necropsied at 7 dpc. 
VAC and CONV groups were necropsied at 14 dpc. 
 
 
 
 
 
 
 
 

 

 

 

 

a,b Different letters indicate significant statistical differences (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

                                           

GROUP 
Macroscopic Microscopic (score±SD) 

Lung % (+SD) Lungs Nasal Turbinate Trachea 

CTRL 13.9±6.3 a 2.8±0.42 a 2.8±0.42a 1.66±0.5 a 

VAC 2.33±0.01b 1.5±0.47 b 1.4±0.51b 1.3±0.48a 

CONV 2.37±0.01b   0±0 c 1.4±0.51b 0.05±0.1b 
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Figure 3.1 

Cumulative number of PCR positive pigs by group of treatment. All pigs in the CTRL 
group, 7 in the VAC group and 1 in the CONV group were detected positive during the 
study. 
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Figure 3.2  

Time to infection curves with the IA04 in the three treatment groups. All pigs became 
PCR positive at 5 dpc in the CTRL group. At 14 dpc, 30% of the pigs in the VAC group, 
and 90% the CONV group remained uninfected. Uninfected pigs at 14 dpc were censored 
at the end of the experiment.  
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Figure 3.3  

ELISA s/n values against the nuclecapsid protein of influenza at 0 dpc ■, and at necropsy 
□ (Bars represent the mean of s/n values (±SD) to influenza. Values below 0.673 are 
positive and above 0.673 are negative). Paired mean comparisons were also performed 
within each group. 
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Figure 3.4  

Mean rectal temperatures (°C) collected daily from 0 to 7 dpc. VAC and CONV groups 
had significantly reduced fever compared to the CTRL group. Peak of fever in the CTRL 
group was at 6 and 7 dpc. 
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CHAPTER 4: 

SENSITIVITY OF ORAL FLUIDS FOR DETECTING INFLUENZA 

A VIRUS IN POPULATIONS OF VACCINATED AND NON-

VACCINATED PIGS  
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4.1 Chapter summary 

This study evaluated the sensitivity of oral fluid specimens to detect swine 

influenza virus in populations of vaccinated and non-vaccinated pigs. Three-week-old 

influenza free pigs were placed in separate pens and assigned to one of three treatments: 

a) non-vaccinated, b) vaccinated with a commercial, heterologous vaccine, and c) 

vaccinated with an experimental, homologous vaccine. After vaccination, an influenza-

infected pig was placed in contact with the treated pigs. Nasal swabs were collected daily 

from each pig and a rope placed daily in each pen to collect oral fluids. Viral RNA from 

all samples was assayed for the presence of influenza by RT-PCR. A pen was considered 

positive if at least one nasal swab was positive. Based on nasal swab and oral fluids 

results, 43.8% and 35% of pens were detected positive respectively. The overall 

analytical sensitivity of oral fluids was 80%. The kappa coefficient for agreement (K) 

between oral fluids and nasal swabs diagnostic was 0.82. Among the groups, K was 1 

(95% CI, 1-1), 0.74 (95% CI, 0.55-0.92), and 0.76 (95% CI, 0.5-1) for the control, the 

groups vaccinated with the heterologous vaccine and the homologous vaccines, 

respectively. Greater disagreement appeared when within pen prevalence was 10% or 

less. The probability to detect influenza virus in oral fluids was 99% when within pen 

prevalence was higher than 18% and decreased to 69% when prevalence was 9%. These 

results indicated that pen-based collection of oral fluids is a sensitive method to detect 

influenza even when within pen prevalence is low and when pigs have been vaccinated. 
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4.2 Introduction 

Monitoring diseases in populations using individual samples limits the ability to 

conduct surveillance because the number of samples required to detect infection in low 

prevalence populations is high. In addition, sample collection can be difficult and 

cumbersome, resulting in costly diagnostics. In order to overcome some of these 

limitations, oral fluids have become a popular method to detect pathogens in pigs 

(Prickett et al., 2008a). Collection of oral-fluids is non-invasive and samples can be 

collected by personnel with limited training and without special equipment (Prickett et 

al., 2008a, 2008b; Detmer et al., 2011). 

 

Oral fluids are composed of saliva and other components from non-salivary 

origin, such as oral mucosal transudation, inflammatory components, bronchial and nasal 

secretions, bacteria and viruses, plasma transudation, and epithelial cells (Maldel and 

Wotman, 1976). The presence of pathogens and antibodies in saliva from infected 

humans and animals has been widely studied for diagnostic purposes (Robinson et al., 

2008). In humans, whole saliva or oral-fluid specimens have been used to detect 

antibodies against Helicobacter pylori, Shigella dysenteriae, Taenia Solium, and viral 

hepatitis, or to detect viral pathogens such as rubella virus and rotavirus in newborn 

infants (Jayashree et al., 1988; Parry et al., 1989; Feldman et al., 1990; Schultsz et al., 

1992; Perry et al., 1993; Li et al., 1996). Detection of human immunodeficiency virus 

antibodies in oral-fluids is currently being applied for clinical use and epidemiological 

surveillance (Holmstrom et al., 1990). In pigs, foot and mouth disease virus, 

Erysipelothrix species, swine influenza virus, porcine reproductive and respiratory 
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syndrome virus (PRRSV), and porcine circovirus type 2 (PCV2) have been detected in 

oral fluids from naturally or experimentally infected pigs (Callahan et al., 2002; Prickett 

et al., 2008a; Bender et al., 2010; Detmer et al., 2011). 

 

Nowadays, oral fluids samples are routinely used to detect PRRSV in samples 

from pigs in the U.S. (Prickett et al., 2008a, 2008b). PRRSV can be detected in oral-

fluids for 4 weeks after exposure and as earlier as 1 day post infection (Kittawornrat et 

al., 2010) and diagnostic agreement of quantitive RT-PCR between individual oral fluid 

and blood samples has been estimated at 77%. Overall these results indicate that oral 

fluids can be a sensitive method to monitor populations for viral pathogens.  

 

More recently Detmer et al (2011) showed that influenza virus can also be 

detected in oral fluids from experimentally and naturally infected pigs using RT-PCR 

assay. The minimum detection limit was estimated at 316 TCID50 /ml for a H1N1 

influenza virus and at 17 TCID50 /ml for a H1N2 and H3N2 influenza virus mixture, 

suggesting that oral fluids can be a sensitive method used to conduct influenza 

surveillance in pigs (Detmer et al., 2011).  

 

The above notwithstanding, there is no information on oral fluids and the 

predicted probability of detecting influenza virus at the population level, nor is there 

information regarding the performance of pen-level oral fluids compared to samples from 

individual animals. Furthermore, there is no information on how vaccination status may 

affect the ability to detect influenza infection in pig populations. Because influenza virus 
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is endemic in pigs and vaccination is commonly carried out on swine farms in the U.S. 

(USDA-NAHMS swine, 2006), it is important to understand the sensitivity of the 

difference surveillance methods under the different conditions of infection and immunity.  

   

The present study evaluated the collection of oral fluids to detect a triple 

reassortant H1N1 swine influenza virus by RT-PCR from populations of immunized pigs 

with different vaccines, estimated the diagnostic agreement, and determined the 

sensitivity of oral fluids collected at the pen level to estimate the probability to detect 

influenza virus in pig populations. This study provides new information on the use of oral 

fluids and offers a new approach to conduct surveillance in pig populations infected with 

influenza virus. 

 

4.3 Materials and Methods 

Animals and animal housing 

Eighty eight 3-week-old pigs from a high health farm were purchased. Pigs were 

free of infection with influenza virus, PRRSV and M. hyopneumoniae, and born from 

sows unvaccinated against influenza. All piglets were tested for influenza at the herd of 

origin prior to the start of the study using hemagglutination inhibition (HI) test and 

enzyme linked immunoabsorbent assay (ELISA).  

 

Eight groups of eleven pigs each were randomly placed in individual isolated 

rooms located at the University of Minnesota Animal Research Facility (Saint Paul, MN) 

and assigned to 3 different treatment groups as follows: Group A) non-vaccinated 
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control; Group B)  vaccinated with a commercially licensed, heterologous vaccine; and 

Group C) vaccinated with an experimental, homologous vaccine. There were 2 replicates 

for the control group and 3 replicates for the heterologously and the homologously 

vaccinated groups distributed in 8 different rooms. Each room contained a pen, and each 

pen 11 pigs. Space allowance was 6.3 square feet per pig (0.58 m2) and the pigs were fed 

on the floor ad libitum and with free access to water. Pigs were cared for according to 

University of Minnesota IACUC protocol number 0908A71965.  

 

Experimental design 

On arrival to the research facility, nasal swabs and blood samples were collected 

from all pigs and tested for influenza A virus antigen by RT-PCR, and for antibodies by 

HI and ELISA. Pigs were also injected once with an antibiotic to reduce bacterial 

contaminants prior to the start of the study (Ceftiofur crystalline free acid, 5.0 mg/kg 

body weight, Excede®, Pfizer Animal Health, NY).  

 

Twenty-four hours post-arrival, pigs in Group B received intramuscularly (IM) in 

the neck the heterologous influenza virus vaccine 2 ml (FluSure XP®, Pfizer Animal 

Health, New York, NY). Pigs in Group C group were similarly vaccinated with an 

experimental, homologous, inactivated vaccine containing the same viral isolate as the 

challenge virus. Each vaccination was repeated two weeks later. The control pigs in 

Group A were injected with 2 ml of sterile saline solution IM in the neck at 2 week 

intervals. In each room, 1 of the 11 pigs was left unvaccinated to be intratracheally and 
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intranasally challenged with influenza A virus and serve as a source of infection (or 

“seeder” pig) for the other pigs in the group. 

 

Thirteen days after the second vaccination, nasal swabs and blood samples were 

collected from all pigs and the seeder pig from each room was moved to a separate room 

for challenge. At 48 hours post challenge, the 8 seeder pigs were placed back to each 

room in contact with their original 10 pen mates (1 seeder pig/room) until the termination 

of the study. Between 0 – 14 days post contact (dpc) pen-based oral fluids were collected 

daily placing one rope in each room and allowing the pigs to chew the rope. Individual 

nasal swabs were also collected daily from all pigs just before oral fluids were collected. 

At 14 dpc, pigs were euthanized by injecting intravenously a lethal dose of pentobarbital 

(100mg/kg, Fatal-Plus Solution®,  Vortech Pharmaceuticals, Dearborn, MI, USA).  

 

Challenge virus and vaccine preparation 

A triple reassortant H1N1 strain A/Sw/IA/00239/04 (IA04) obtained from the 

University of Minnesota Veterinary Diagnostic Laboratory (MVDL) was used for 

challenge. For preparation of the homologous vaccine, the same virus IA04 was grown in 

Madin-Darby Canine Kidney (MDCK) cells using standard methods (Meguro et al., 

1979) and adjusted to an HA titer of 1:128 /0.1 ml at the time of inactivation by the 

addition of formalin at a final concentration of 0.1%. The formalized virus was mixed 

with an adjuvant mixture of mineral oil (9 parts) and emulsifier (1 part; equal volumes of 

Span 85 and Tween 85) in a 1:1 ratio and sonicated at 25W for 2-3 minutes. The 

challenge virus was grown in MDCK cells (Meguro et al., 1979).  



 

 118 

The federally licensed, commercial, heterologous, swine influenza virus vaccine 

(FluSure XP®, Pfizer Animal Health, New York, NY) contained three distinct 

inactivated influenza isolates: A/Swine/North Carolina/031/05(H1N1),   

A/Swine/Missouri/069/05 (H3N2), and A/Swine/Iowa/110600/00 (H1N1) (Vincent et al., 

2008). 

 

Virus inoculation 

Seeder pigs were inoculated intratracheally and intranasally with a total of 2 ml of 

IA04 H1N1 challenge virus at a titer of 106 TCID50/ ml. Before the inoculation, all pigs 

were sedated by an intramuscular injection of a dissociative anesthetic (6.6 mg/kg, 

Telazol®, Fort Dodge Animal Health, Fort Dodge, IA). Following satisfactory sedation, 

pigs were manually restrained while the mouth was opened to expose the larynx and the 

trachea and a catheter was inserted and 1 ml of the virus was delivered using a syringe 

attached to the catheter. For intranasal inoculation 0.5 ml of the same inoculum was 

delivered in each nostril by deep intranasal route to the same pig. Success of inoculation 

in the seeder pig was confirmed by positive influenza A virus RT-PCR from nasal swabs 

at 24 h and 48 h post inoculation. Viral isolation and titration was conducted from nasal 

swabs at 48 h post inoculation.   

 

Samples collection 

Nasal swabs were collected from individual pigs using rayon-tipped swab 

applicators with Stuart’s medium (BBL CultureSwabTM liquid, Stuart single plastic 

applicator / Becton, Dickinson and Com., Sparks, MD, USA). Oral fluids were collected 
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as described by Prickett et al (2008a). Briefly, 3-strand twisted unbleached 100% cotton 

ropes with 5/8” diameter (WebRiggingSupply.com, Barrington, IL 60010, USA) were 

hanged in each pen at approximately 40 cm above from the floor for 20 to 30 min for the 

pigs to chew on the ropes. Oral fluids were extracted from the rope immediately after 

collection by wringing the wet portion into a plastic bag (Ziploc® bags (3.79 lt), S.C. 

Johnson & Son, Inc., Racine, WI, USA). A bottom corner of the bag was cut to drain the 

fluid into a 5 ml plastic sterile tube, and samples were refrigerated at 4°C overnight to 

allow debris to deposit at the bottom of the tube. Supernatant from each oral fluid sample 

was processed by RT-PCR as described below. Blood samples were collected using 

venipuncture. After collection, serum was separated and stored at -20°C.  

 

Sample processing and diagnostic tests 

Nasal swabs were suspended in 2 ml of MEM supplemented with 4% BSA prior 

to processing for RT-PCR. Samples from the supernatant of each oral-fluid specimen 

were also processed by RT-PCR. The viral RNA was extracted using the magnetic 

particle processor procedure (MagMAXTM Viral RNA Isolation Kit, Applied Biosystems, 

USA) and subsequently tested using the procedure provided by the USDA-NVSL for 

detection of influenza A virus Matrix gene by RT-PCR (Spackman et al., 2002).  

 

A positive result is defined by a cycle threshold (Ct) value of less than 35, suspect 

range includes Ct values greater than 35 but less than 40, and negative results are defined 

as Ct values greater than 40 (the Ct value is determined by the number of cycles needed 

to exceed the background signal). Virus isolation was performed as described above. Sera 
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were tested for influenza virus antibody by HI and ELISA using standard procedures 

(Pedersen et al., 2008).  

 

Statistical methods 

To perform the statistical analysis each pen collection in each given time point 

was considered as a unit. A pen was considered positive if influenza virus was detected 

from nasal swabs of at least one pig within the pen.  The research facilities had one pen 

per room. 

 

Suspect RT-PCR results from nasal swabs and oral fluids were considered 

negative for statistical analysis. Results from nasal swabs and oral-fluids were compared 

by group of treatment and all the groups combined. Fisher’s exact test and simple Kappa 

coefficient were used to test agreement between results. Values of K below 0.4 are 

considered as low agreement, values between 0.4 and 0.6 moderate agreement, values 

between 0.6 and 0.8 good agreement, and values higher than 0.8 are considered as 

excellent. P-values less than 0.05 were considered statistically significant. Logistic 

regression was used to calculate the estimated probability to detect influenza in oral-

fluids. Statistical analyses were performed using SAS® version 9.2.  

 

4.4 Results  

Pigs were both influenza virus antibody and antigen negative at the start of the 

study. Table 4.1 summarizes the HI antibody results after vaccination and prior to 

contact. Two weeks after the second vaccination, the homologous vaccine induced robust 
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titers against IA/04 H1N1 with titers more than 1:320. However, mean HI titers in the 

heterologously vaccinated group against IA/04 were below the positive cut-off (< 1:40). 

As expected the heterologously vaccinated group had positive titers against the H1N1 and 

the H3N2 strains contained in the heterologous, commercially-licensed vaccine, while the 

homologously vaccinated group were negative to the strains in the licensed vaccine. 

Titers in the non-vaccinated control group were <1:10. Virus titers from nasal swabs in 

the seeder pigs at the time of contact ranged from 3x102 to 1x105 TCID50 per ml.  

 

Prior to placing the seeder pig in contact with the treated pigs, all oral fluids and 

nasal swabs from the contact pigs in all groups were negative. Influenza virus RT-PCR 

results from nasal swabs and oral fluids are shown in Table 4.2. Results from nasal swabs 

of the seeder pigs and contact pigs are shown separately. Individual nasal PCR results 

indicated that influenza virus was detected in all contact pigs from the control group at an 

average of 4 (±1) dpc. In contrast, the virus was not be detected in any of the contact pigs 

in the homologously vaccinated group throughout the duration of the study. Results from 

the heterologously vaccinated group were more variable. In that group, the cumulative 

percentage of positive pigs at the end of the study was 10%, 50% and 20% for the three 

replicates. 

 

A total of 1155 nasal swabs were collected throughout the study and 13.2% were 

positive which corresponded to 46 positive (43%) pen collections (those pens had at least 

one positive animal in a given collection day). From the 105 oral fluid samples collected, 

37 samples or 35.2% pens were positive. In the control group, 12 out of the 15 pen 
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collections had at least one positive nasal swab. All 12 collections were positive by oral 

fluids. In the homologously vaccinated group, positive results from nasal swabs were 

detected only from the seeder pigs and they shed influenza for an average of 3 dpc. Oral 

fluid samples were only positive when the seeder pig was detected positive. As a whole 

in the homologously vaccinated group, 9 of the 44 pen collections were positive and only 

6 were positive according to oral fluid samples. In the commercial vaccine group, 25 of 

the 46 pen collections were positive, but only 19 were detected positive by oral fluid 

samples. 

 

Overall, RT- PCR results from nasal swabs and oral fluids were strongly 

associated (Fisher’s exact test, p< 0.001). The simple kappa coefficient of agreement (K) 

between results in the control group was 1 (95% CI, 1-1). In the heterologously 

vaccinated group K was 0.74 (95% CI 0.55-0.92) and in the homologously vaccinated 

group was 0.76 (95% CI, 0.5-1). When results from all treatment groups were combined 

the simple kappa coefficient was very high (K=0.82, 95% CI 0.71-0.93). Results can be 

seen in Table 4.3. 

 

The analytical sensitivity to detect influenza virus by oral fluids at the pen level 

compared with individual nasal swabs was estimated at 80.4% and the analytical 

specificity at 100%. Most of the negative oral fluid results that occurred in positive pens 

corresponded to the heterologously vaccinated group. In that group the frequency of 

samplings with only one PCR positive pig within the pen was higher than in the control 

group (p>0.05). On the other hand, the frequency of samplings with more of the nasal 
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swabs testing positive (> 8 swabs) was significantly higher in the control group than in 

neither of the vaccinated groups (Figure 4.1). 

 

Figure 4.2 shows the predictive probability of detecting influenza virus in a pen 

using oral fluids based on the percentage of infected pigs in the pen. The predictive 

probability was 69% when the prevalence of infected pigs was 9%, increasing to 99% 

when the prevalence was 18% or higher. 

 

4.5 Discussion 

The collection of oral fluid facilitates monitoring, surveillance and detection of 

viruses in populations (Prickett et al., 2008a; Robinson et al., 2008; Detmer et al., 2011). 

Population based sampling using oral fluids may result in lower test costs, while 

increasing the number of pigs monitored and pathogens that can be detected (Prickett et 

al., 2008b). Collection of oral fluids using ropes takes advantage of the natural curious 

behavior of pigs to interact and play with the rope while depositing the oral fluids in the 

rope.   

 

The purpose of this study was to examine the use of oral fluid specimens to detect 

the presence of influenza A virus in populations. This study compared results from oral 

fluid samples collected from groups of pigs with nasal swab samples collected from 

individual pigs. Nasal swabs are one of the most used methods for collecting field 

samples for surveillance of influenza virus in pigs but collection can be difficult and 

negative results may occur if not enough samples are collected. 
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Samples collected for this study originated from an experimental setting that 

included vaccinated and non-vaccinated pigs. The advantage of including vaccinated pigs 

was our ability to replicate conditions of low infection prevalence also found in 

populations in the field using influenza vaccines. Influenza vaccination in pigs is 

common and vaccination can decrease clinical signs, transmission, and the probability to 

detect infection (Heinen et al., 2001; Van Reeth et al., 2001; Romagosa et al., 2011). 

Therefore, there is a need to evaluate detection of influenza virus in both vaccinated and 

non-vaccinated populations. 

 

In this study, all pigs interacted quickly with the ropes placed in the pens. Oral 

fluids and nasal swabs were collected daily at approximately the same time in order to 

assess how each collection method correlated with each other. In addition this study 

allowed the evaluation of the dynamics of influenza virus detection throughout the acute 

infection period in a seeder pig transmission model to mimic the ability to detect 

transmission under field conditions. Detection of influenza virus in oral fluids from 

experimentally infected animals has been reported before and offers promising results for 

influenza surveillance (Detmer et al., 2011). However, its sensitivity to monitor 

populations needs to be properly evaluated prior to its widespread use.  

 

In this study, the experimental unit was the pen at each collection which was 

classified as positive or negative according to the PCR results from nasal swabs collected 

from the individual pigs. In a given collection point, a pen was considered positive if at 

least one pig was detected positive for influenza A virus by nasal swab RT-PCR.  None 
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of the contact pigs vaccinated with the homologous vaccine tested positive by individual 

PCR. Therefore any positive results in this group originated most likely from the seeder 

pig but not from the contact pigs.  

 

Influenza infection could not be established in the homologously vaccinated 

group suggesting that the vaccine was protective which can be explained by the high 

level of antibody titers against the challenge strain. Therefore it appears that vaccination 

prevented transmission within this group and therefore virus detection was not possible. 

However, influenza virus was detected in samples from heterologously vaccinated pigs 

and in samples from the non-vaccinated (immunologically naïve) control pigs. In both 

groups, influenza was detected in oral fluids and individual nasal swabs even after the 

seeder pig had stopped shedding. Interestingly, most of collections with just one or few 

positive nasal swabs originated from the heterologously vaccinated group and in most of 

these cases oral fluids also tested positive. There were no positive oral fluid samples in 

collections where all pigs tested negative by nasal PCR.  

 

In our study collection of nasal swabs from the entire population on a daily basis 

was a powerful tool to estimate the probability to detect influenza virus in oral fluids 

based on the prevalence of known positive pigs in a pen. The probability was similar for 

prevalence ranging from 18% to 100% with an estimate of detection of 99%. Probability 

of detection decreased to 69% when the within pen prevalence was 9%. One limitation of 

this study is that we were not able to evaluate the probability to detect influenza when the 

prevalence was below 9% due to the limited group size.  
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The overall analytical sensitivity of oral fluids related to nasal swabs was above 

80% and that included scenarios with low within pen prevalence. However, results from 

our study must be validated in the field where the number of individual pigs that can be 

sampled in a given pen by nasal swabs is limited, and where the number of pigs per pen 

and per rope can differ. In addition, sensitivity of oral fluids to identify infected pens was 

not as high as when pen status was measured by the individual results since all the 

animals within the pen were tested. Unfortunately sampling of all animals in large 

populations is almost impossible and under those conditions we speculate that the use of 

oral fluids would have superior results compared to individual animal testing.   In 

addition, in this study we did not attempt virus isolation from oral fluids and therefore we 

cannot speculate on the sensitivity of virus isolation to yield influenza viruses from oral 

fluids.  

 

Overall agreement between results from oral fluids and pen status was excellent 

(K= 0.82). Although a few pens could not be properly identified, the differences were 

mostly due to low prevalence situations from pigs vaccinated with the heterologous 

vaccine, or in situations where the total amount of virus was not sufficient to test positive. 

In a previous study conducted in experimentally infected pigs, influenza virus could be 

detected in 92% of the pen based oral fluid samples collected at days 3, 4, 5, and 6 post 

infection (Detmer et al., 2011). However this study only included few collections and all 

from acutely infected naïve pigs at the time of infection. Furthermore, other studies 

focused on detection of PRRSV in experimentally infected pigs and in individual boars 

by comparing PCR results from oral fluid and blood samples, showed similar results to 
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the ones reported here where the agreement between pen based oral fluids and serum 

PRRSV status was 77% in finishing barns, and 100% in paired samples from individual 

boars at 7 days post infection with PRRSV (Prickett et al., 2008a; Kitawornrat et al., 

2010). 

 

Among the different treatments, the highest agreement occurred in the 

unvaccinated control group (K=1). In the homologously vaccinated group the agreement 

was very good (K=0.76), and the lowest agreement was observed in the heterologously 

vaccinated group (K=0.74) although the differences between these last two groups were 

non-significant.  

 

Differences in our ability to detect influenza in oral fluids between groups may be 

due to several factors. Most of the negative oral fluids that occurred in positive pens 

happened in vaccinated pens when only one pig within the pen was detected positive. 

Decreased shedding has been reported in vaccinated pigs with pigs shedding fewer virus 

particles and for shorter periods of time when they become infected (Heinen et al., 2001). 

Furthermore, the amount of viral particles in oral fluids could be affected by the time 

between collection and processing, and by the artifacts present in the samples. Nasal 

swabs were processed immediately after collection, but oral fluids were kept overnight at 

4°C to allow separation of the particles by sedimentation. This procedure was used 

because centrifugation is not always available in the field and because in a recent study 

with the same influenza virus strain (IA04) spiked in swine oral fluids at different 

concentrations and assayed at different time points, it was shown that the RT-PCR 
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threshold cycle values (Ct) did not change after 5 hours at room temperature (Detmer et 

al., 2011). Therefore the time from collection to sample processing is not likely to have 

influenced the results of this study.  

 

Additionally, the time that the pigs were interacting with the rope is also unlikely 

to have been a factor since all pigs in the groups were observed to interact with the rope 

constantly. After an acute infection changes in behavior due to fever and/or lethargy can 

reduce the odds of interaction but in this study clinical signs were very mild and we did 

not observe changes in motivation of the pigs to interact with the ropes (Millman et al., 

2009).  

The research reported highlights the application of oral fluid samples for 

diagnostic of swine pathogens and provides insightful information on the ability of oral 

fluids to detect influenza virus in vaccinated and non-vaccinated populations, scenarios 

that are commonly found in the field. The results from our study showed that pen based 

collection of oral fluids using ropes can be a sensitive method to detect flu virus in 

infected populations even when the prevalence within a pen is low, reducing the cost for 

diagnostics and the number of samples needed to detect influenza.  
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Table 4.1  

Reciprocals of means HI antibody titers (geometric means) to 4 influenza virus strains 
after 2nd vaccination and prior to exposure to the seeder pigs by group of treatment.  
 
 
 

GROUP 
H1 titers 

IA041 LH12 31XP2 69XP2 

Control <10 <10 <10 13 

Heterologous 14 305 232 485 

Homologous 297 36 <10 <10 

 

1Challenge strain A/Sw/0239/IA/04 H1N1 (IA04) 
 
2Influenza virus strains contained in the commercial vaccine: A/Swine/North 
Carolina/031/05 H1N1 (012XP), A/Swine/Iowa/110600/00 H1N1 (31XP),  
A/Swine/Missouri/069/05 H3N2 (69XP) 
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Table 4.2  

Summary of PCR results of oral fluids (OF) and nasal swabs (NS) from contact and seeder pigs by collection day, replica, and 
treatment (each room had 1 seeder pig and 10 contacts).  
 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Contacts NS 0* 0 3 7 9 10 10 1 3 susp †

1 Seeder NS 1 1 1 1 0 0 0 0
OF neg pos pos pos pos pos pos pos neg

Contacts NS 0 3 9 10 10 10
2 Seeder NS 1 1 1 1 0

OF neg pos pos pos pos pos
Contacts NS 0 0 0 0 0 1 1 1 1 1 susp 0 0 0 0 0 0

1 Seeder NS 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0
OF neg pos pos pos neg pos pos pos pos neg neg neg neg neg neg neg

Contacts NS 0 0 3 5 5 5 4 2 0 1 susp 0 0 0 0 0
2 Seeder NS 1 1 1 0 0 0 0 0 0 0 0 0 0 0

OF neg pos pos pos pos pos pos neg neg neg neg neg neg neg neg
Contacts NS 0 0 0 0 0 0 0 1 1 1 1 2 1 0 0

3 Seeder NS 1 1 1 1 0 0 0 0 0 1 0 0 0 0
OF neg pos pos pos neg neg neg suspect pos pos pos suspect neg neg neg

Contacts NS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 Seeder NS 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0

OF neg suspect pos pos neg neg neg neg neg neg neg neg neg neg neg neg
Contacts NS 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 Seeder NS 1 1 1 1susp 1susp 0 0 0 0 0 0 0 0
OF neg pos pos neg neg neg neg neg neg neg neg neg neg neg

Contacts NS 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 Seeder NS 1 1 1susp 0 0 0 0 0 0 0 0 0 0

OF neg pos pos neg neg neg neg neg neg neg neg neg neg neg

Control

Heterologous

Homologous

Group Room Sample
Days   postcontact

 

* Number of positives 
†Results classified as ’suspect’ by RT-PCR (35-40 CTs) were considered negative for statistical analysis
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Table 4.3  

Detection of the challenge virus (IA04) using RT-PCR in oral fluids from the control, 
commercial heterologous, homologous, and all groups combined. Information is 
presented in 2 by 2 tables. Results from the seeder pigs are included.  
 

 

Positive Negative Positive Negative Positive Negative Positive Negative
Positive 12 0 19 6 6 3 37 9
Negative 0 3 0 21 0 35 0 59

Total 12 3 19 27 6 38 37 68

K Coefficient

95% CI 0.55-0.92 0.5-1 0.73-0.94

PEN STATUS

1 0.74 0.76 0.84

                OF                 OF                 OF                 OF
Control Heterologous Homologous Overall

 

 

Number of positive pens, with pens defined as positive if ≥ 1 nasal swab tested positive 
by RT-PCR. 
 
* Positive results from the homologous group originated only from the seeder pigs.  
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Figure 4.1 

Number of positive nasal swabs per pen collection by treatment group. Figure 1.A 
includes results from the seeder and contact pigs. Figure 1.B includes results only from 
the contact infected pigs by group of treatment.  
 
Figure 4.1.A 

 

 

 

 

 

 

 

 
In vaccinated groups, the frequency of pen collections with only one positive pig within 
the pen were higher than in the control group (p<0.05).           
 

Figure 4.1.B 
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Figure 4.2 

Predicted probability to detect influenza virus based on the number of positive pigs in a 
room. The predicted probability was 69% when the prevalence of positive pigs by RT-
PCR was 9%, increasing to 99% when the prevalence was 18% or higher. 
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GENERAL DISCUSSION 
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Vaccination is the most widely used tool to control influenza virus infections in 

swine farms. Since 1998 the control of influenza virus by vaccination has been further 

complicated by the multiple subtypes and strains co-circulating in pigs and more recently 

by the introduction of the 2009 pH1N1 strain in the swine population. However, given 

that influenza virus is a moving target due to the continuous genetic change and the 

relative self-limiting course of the disease, investment on influenza vaccination is not 

always perceived as a sound investment. Protective immunity of influenza vaccines has 

been linked to reduction of clinical signs and reduced virus shedding, but limited 

information is available in regards to the value of vaccination for controlling influenza 

virus transmission. In Chapter 2 we evaluated the differences in transmission patterns in 

vaccinated and non-vaccinated populations by using an experimental transmission setting 

to simulate infection spread in populations. Transmission rates and transmission 

parameters were measured in populations using different vaccination protocols. In 

Chapter 3 a similar evaluation was conducted but instead, taking into account the immune 

status induced by prior exposure to a natural infection.  

 

Overall, clinical signs and transmission of influenza was reduced by vaccination 

or prior exposure to infection. Influenza vaccines were effective at reducing transmission 

of a triple reassortant influenza virus in vaccinated pigs. Reduction was seen with both, 

an experimental autogenous vaccine and a licensed commercial multivalent heterologous 

vaccine. Furthermore, transmission could not be detected in pigs vaccinated with the 

experimental autogenous vaccine while transmission could still be observed in pigs 

vaccinated with the heterologous product. The infection spread quickly in non-vaccinated 
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populations, but it was delayed and variable among the different replicates of the 

heterologous vaccinated group. The variability observed in the heterologous vaccinated 

pigs is reflected in the R values obtained. In two of the replicates R was at or above 1 and 

in the two other replicates, R was below 1. These results indicate the value of doing 

multiple replicates to better reflect field conditions and account for natural occurring 

variability. In addition, these results indicated the lack of predictability by certain 

vaccines on preventing transmission and in our study when R > 1 was observed 

transmission could still be maintained after two weeks post exposure. In our study, the 

fraction ( f ) of population that needs to be immunized to eliminate transmission with the 

experimental autogenous vaccine is 90%. In contrast, with the licensed commercial 

heterologous vaccine this fraction increases to 145% and elimination of transmission 

would not be possible even if everyone were vaccinated. In addition, the duration of the 

infectious period and the daily transmission rate were also reduced by vaccination 

illustrating the effects of vaccination on key relevant transmission parameters. Therefore 

these results are helpful to evaluate how different vaccination regimes may affect virus 

transmission, and the transmission model employed in these studies proved useful to 

determine differences in relevant transmission parameters. 

 

In addition, the differences in transmission observed among groups can be 

explained by differences in susceptibility of pigs to the challenge virus which could be 

related to levels of antibodies against the hemagglutinin protein (HA) of the virus prior to 

exposure. However, a low cross-reactivity by HI test was observed in heterologously 

vaccinated pigs, suggesting that antibodies against other viral proteins may play a key 
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role in protection and that antibody levels against HA could not predict the degree of 

protection in a heterologous challenge. The studies in this thesis however were not 

designed to determine the association between antibody levels and transmission, nor the 

association between which component of the immune response may correlate with 

transmission or the lack of. In addition, differences in vaccine efficacy could also be due 

to differences in antigen concentration and/or the adjuvant, but this question was not 

addressed in this study.  

 

In Chapter 3, we showed that transmission of a homosubtypic heterologous 

influenza virus in pigs convalescent from natural infection with 2009 pH1N1 influenza 

virus was also decreased or prevented. However in this study the reproductive number 

(R) of the infection was not statistically different from the one observed in vaccinated and 

naïve pigs most likely due to the small group size and the lack of replications in the 

study. Differences in the infectious period and the daily transmission rate could still be 

observed again illustrating the effect of prior infection on modulating transmission 

parameters. The results of this study are especially relevant given that the 2009 pH1N1 is 

becoming more prevalent in swine herds in the US and prior immunity against endemic 

viruses may affect its spread or alternatively prior infection with 2009 pH1N1 may affect 

the spread of endemic swine viruses.  

 

Clinical disease with the naturally occurring infection with the 2009 pandemic 

virus was unnoticed in our study during the first week post arrival. This scenario can 

easily occur in the field when several factors can give unspecific clinical signs such as 
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diarrhea or sneezing. Assuming that pigs became infected just before arrival or at 

delivery, the spread of the virus was faster in the naïve pigs than in pigs vaccinated with 

the experimental autogenous vaccine. However, the role that one dose of the autogenous 

vaccine could have played on the 2009 pH1N1 spread is unclear. It was unclear also how 

many pigs were incubating the disease at first, and whether this number was different 

between rooms. The 2 rooms that became infected were not consecutive on the flow of 

researchers and unit personnel, which excluded that cross contamination occurred 

between rooms and illustrated the beneficial use of PPE equipment in preventing 

influenza transmission. 

 

In the second part of Chapter 3, antisera from the convalescent pigs did not cross-

react with the challenge virus in the HI test while in vaccinated pigs some levels of cross-

reactivity were observed. The limited transmission observed in the convalescent group 

but not in the vaccinated group, indicates that immunity provided after natural infection is 

more cross-reactive than immunity provided by inactivated vaccines since other 

components may play a key role in neutralizing viral replication at the mucosa level. In 

regards to clinical signs after challenge, signs were very mild and not sufficient to 

compare the effect of previous immunity compared with naïve pigs. However, the overall 

febrile response induced by either natural infection or vaccine was reduced in 

convalescent pigs. 

 

The use of imperfect vaccines that do not block influenza transmission may lead 

to virus replication in the presence of immunity. In addition continuous exposure to 
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influenza viruses may confer partial immunity to a population but still may allow virus 

replication to take place. Both scenarios may lead to the establishment of endemic 

infections in populations with the subsequent observation of major or minor recurrent 

outbreaks of influenza infection. Ideally control measures based on vaccination should 

aim at not only preventing clinical signs and disease, but also at stopping transmission. 

Unfortunately preventing transmission of influenza is complex but it is the ultimate goal 

to prevent zoonotic infections and the emergence of new strains of pandemic potential.  

 

Because new strains of influenza continue to arise, surveillance programs in 

domestic animals are key to rapidly detect new influenza viruses. In addition, 

surveillance in farms and production systems is also required to monitor the effectiveness 

of vaccines, and to understand the dynamics of influenza infections in endemically 

infected farms. The development of rapid and more accurate influenza virus tests such as 

the Matrix gene real time RT-PCR has been helpful for this purpose. However, sampling 

methods currently used in the field may have low herd-level sensitivity due to limitations 

in the number of samples tested and elevated diagnostic costs. The feasibility of oral fluid 

specimens for diagnosis of viral pathogens in swine herds has been demonstrated in 

recent years. Population based sampling using oral fluids for influenza virus surveillance 

may result in lower test cost and work, while increasing the number of pigs represented in 

the sampling. In Chapter 4, the sensitivity of oral fluid specimens collected from groups 

of infected pigs was compared with specimens collected from individual pigs using nasal 

swabs. Probability of detection was analyzed in vaccinated and non-vaccinated 
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populations with representative scenarios of high and low prevalence levels of influenza 

infection.   

 

The overall sensitivity of oral fluids related to nasal swabs was high at 80%. In 

non vaccinated populations where the prevalence of infection was high, the sensitivity 

increased to 100%. Most of the false negative results from oral fluids were detected in 

vaccinated populations when the prevalence of infection was low in vaccinated 

populations, most likely due to the lower levels of shedding by vaccinated animals and/or 

the dilution effect of the pools of oral samples. The overall specificity of oral fluids was 

high at 100%. In our study, the probability to detect influenza virus in oral fluids was 

69% when prevalence was low at 9%, but it increased to more than 99% when the 

prevalence of the infection increased to 18% or higher. Although results from this study 

indicated a higher sensitivity of individual samples than oral fluids, we speculate that in 

the field where it is unlikely that all animals are tested at once, oral fluids should have 

superior results compared to individual animal testing.  

 

Overall this thesis addressed key questions in regards to influenza transmission 

and diagnostics in vaccinated and non-vaccinated populations of pigs relevant to common 

scenarios observed in the field. Despite acknowledged limitations of this thesis, the 

transmission studies were well suited to make comparisons between treatments and to 

obtain baseline estimates of epidemiologically relevant parameters. However direct 

extrapolation of the parameters estimated to field conditions needs to be done carefully 

since many factors not considered in this thesis can affect transmission. Further studies 
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are necessary also to evaluate transmission of other influenza A viruses circulating in pig 

populations and in pigs vaccinated with different licensed heterologous and homologous 

vaccines because not all inactivated influenza vaccines are equal. Furthermore, this work 

raised additional questions and highlighted areas that need future research such as:  

 

- Evaluation of the factors regarding to immunity that influence transmission of influenza 

virus. Among these the effect of maternal immunity and the immunity induced by other 

inactivated licensed vaccines and specifically what immune factors (i.e. HA antibodies, 

cellular immune responsible or others) are responsible of blocking transmission.  

- Understanding the genetic characteristics of the host in regards to susceptibility to 

influenza infection and transmission.  

- Evaluation of the effect of vaccination on virus changes and therefore in transmission 

capabilities of the emerging new isolates.  

- Validation of the sensitivity of oral fluid samples to detect influenza viruses in the field 

and to determine the factors that limit virus isolation from oral fluid specimens. 
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GENERAL CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 



 

 143 

• Transmission of influenza virus was significantly reduced by vaccination, but it could not 

be completely prevented when a heterologous inactivated vaccine was used. Virus 

transmission and replication was delayed and highly variable in heterologously 

vaccinated pigs. 

• Transmission of influenza virus could not be detected in populations vaccinated with a 

autogenous experimental vaccine.  

• Active transmission of influenza virus took place even in the absence of clinical signs and 

presence of partial immunity, which can contribute to the establishment of endemically 

infected populations. 

• Natural infection with influenza virus significantly reduced transmission of a 

homosubtypic heterologous influenza virus in a convalescent population even when there 

was no cross-reactivity related to the HA protein.  

• The infectious period and the daily infectious rates were decreased in immune 

populations by vaccination and prior immunity, which indicates that vaccination, can be 

an effective strategy to reduce transmission.   

• Pen-based collection of oral fluids using cotton ropes is a sensitive method to detect 

influenza virus in infected populations even when the prevalence within the pen is low, 

reducing the cost and the samples needed to detect the virus. 

• Vaccination against influenza virus can affect the sensitivity to detect influenza virus in 

oral fluids.
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