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Abstract 

Emerging influenza viruses pose a serious global threat despite current vaccine 

technology, which has limited effectiveness during a pandemic due to inevitable 

delayed production and restrictive costs.  A potential adjunct approach capable of 

alleviating this deficiency, whilst a strain-specific vaccine is produced, is passive 

immunisation using neutralising anti-influenza virus antibodies.  A potential large scale 

production source of antibodies is large ruminants and with such ruminant polyclonal 

antibodies delivered via the intranasal route, to alleviate potential reactions to the 

heterologous protein and reduce antibody dose requirements due to delivery to the 

site of infection.  Intranasal application of the antibodies would allow for neutralisation 

of the virus prior to entry to the cells of the respiratory tract.  However, knowledge of 

the influence of these protective heterologous antibodies on development of the host 

immune response to the virus is limited.     

 

Influenza virus-specific antibodies were generated by inoculating sheep with influenza 

A/PR/8/34 virus antigen preparations.  Purified influenza virus, which was 

subsequently detergent disrupted, produced the highest titres of neutralising anti-

influenza virus antibodies in both serum and whey.  Several other antigen 

preparations, including inactivated virus culture supernatant and concentrated 

inactivated virus culture supernatant, produced low to moderate neutralising antibody 

titres, respectively, while rHA and DNA plasmid encoding the full length HA, were 

unsuccessful at producing significant anti-influenza virus specific antibody responses.  

Factors that influenced the antibody response to the antigens included concentration, 

purity and presence of influenza virus neutralising epitopes in the preparations. 

 

Protection experiments with a low neutralising anti-influenza virus specific antibody 

reduced clinical signs of influenza virus infection without reducing replicating virus 

levels on day 3 post-influenza virus infection.  There were also no differences in cell 

infiltration, histopathology, innate cytokine and humoral immune responses to the 

virus in mice pre-treated with the low neutralising antibody compared to control mice.  

These antibodies were not considered appropriate for use in a pandemic as virus 

replication would; open the potential for virus mutation.   
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In contrast, highly neutralising antibodies upon intranasal delivery to mice prior to 

infection provided full protection from influenza A/PR/8/34 virus infection.  Protected 

mice had no detectable influenza virus replication in the lungs at three days post-

infection and this protection was also afforded by influenza virus specific F(ab’)2 

antibody fragments indicating that protection was primarily Fc-independent.  Other 

correlates of influenza virus infection, including weight loss, clinical score, cellular 

infiltration and lung histopathology were also abrogated by the delivery of anti-

influenza virus antibody to the respiratory tract prior to influenza virus infection.  

Protection was confirmed to be dose dependent by both the delivery of different 

antibody doses and altering the timing of antibody delivery relative to virus challenge.  

Importantly, the delivery of polyclonal ruminant antibodies to the respiratory tract of 

the mice, reduced the cytokine innate immune response compared to control mice.  

Type I Interferon (IFN) levels in the bronchial lavage fluid, were not induced in 

protected antibody-treated mice.  Similarly, other cytokines, including IL-1β, IL-6, TNF-

α, IFN-ɣ and the chemokine, KC (CXCL1), were not measurable in the mice which were 

antibody protected.  However, type III IFN levels were detected in the bronchial 

alveolar lavage fluid in most experimental groups indicating differential release of the 

two IFN subtypes.  Anti-viral antibody responses were detected in all mice which were 

protected from infection with the highly neutralising antibody, except for those pre-

treated 1 hour before virus challenge.    

 

To our knowledge this represents the first investigation of the influence of antibody 

prophylaxis on modifying the host immune innate cytokine response to influenza virus 

infection.  It is concluded that antibody prophylaxis of influenza virus infection with 

sufficient highly neutralising antibody was able to exclude the virus from replicating in 

the respiratory tract of prophylactically treated mice.  The neutralisation of the virus 

resulted in the virus being excluded from the host immune system, which is consistent 

with the hypothesis that antibodies administered to the respiratory tract were 

preventing virus replication by Fc-independent immune exclusion of the virus.  These 

studies indicate that polyclonal ruminant antibodies delivered via intranasal 

application have the potential to provide a realistic adjunct control method in the early 

stages of an influenza pandemic and warrant continuing investigation in this regard. 
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Chapter 1 

Introduction 
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1.1 The influenza virus 

Influenza A virus strains have a long history of circulating within the human population 

prior to their isolation and identification in 1933 (reviewed in Taubenberger and 

Morens, 2009).  Causing acute respiratory infection, the virus infects between 5 and 

15% of the world’s population annually and is responsible for an estimated half a 

million deaths (WHO, 2003; Srivastava et al., 2009; Shapshak et al., 2011; WHO, 2014).  

Immunity against influenza viruses is induced by previous exposure, either through 

infection or vaccination.  However, constant mutation enables the virus to readily 

evade immunity and reinfect previously immune individuals (Mathews et al., 2009).  

Furthermore, zoonotic transfer and genetic reassortment pose the threat of a 

pandemic due to a world-wide lack of immunity to any new circulating strain.  The 

annual toll, together with the pandemic potential, highlight influenza virus infection as 

a significant global health priority.  

 

Belonging to the Orthomyxovirus family, influenza viruses are an enveloped single-

stranded RNA virus consisting of 3 genera; A, B and C, distinguished by the antigenicity 

of their nucleoprotein (NP) (reviewed in Cheung and Poon, 2007; Wright et al., 2007).  

Strains of influenza B and C virus cause only mild human disease and have restricted 

host ranges (Wright et al., 2007).  Influenza A virus strains are divided into subtypes 

based on the antigenicity of the hemagglutinin (HA) and neuraminidase (NA) surface 

proteins (reviewed in Bouvier and Palese, 2008; de Wit et al., 2008).  Within a subtype, 

significant differences can exist between lineages, for example the 2009 pandemic 

H1N1 (A(H1N1)pdm09) virus was 27.2% divergent in amino acid sequence from H1N1 

virus strains circulating in 2008 (reviewed in Gallaher, 2009).  Therefore, vaccination 

with 2008 strains failed to provide immunity to the A(H1N1)pdm09 strain. 

 

Influenza viral RNA (vRNA) is arranged in 8 segments, most coding for an individual 

protein (Table 1.1).  Within the influenza virion the vRNA and internal proteins are 

contained within a layer of matrix proteins (M1) (Figure 1.1).  The vRNA and NP 

complex to form a double helix, termed the ribonucleoprotein (RNP), which is 

transported to the cell nucleus during virus replication (reviewed in Nayak et al., 2004).  
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Surrounding the M1 proteins is a lipid bilayer through which the Matrix (M2) protein 

bridges.  The two major surface proteins HA and NA both anchor into the M1 protein 

layer. 

 

Along with read-error point mutations influenza vRNA undergoes mutations through 

exchange of vRNA between strains co-infecting a cell or between vRNA segments, 

which results in either antigenic drift or shift (reviewed in Monto, 2000; Zambon, 2001; 

Wright et al., 2007).  Antigenic drift refers to small changes in amino acid sequence 

allowing for re-infection of previously exposed individuals by the same influenza virus 

strain whereas, antigenic shift refers to a major change to the surface viral proteins, 

either through re-assortment or recombination events, resulting in circulation of a new 

influenza virus strain.  Normally, after an antigenic shift the virus is novel to the human 

population and consequently most people are immunologically naive and therefore 

vulnerable to infection.   

 

Until recently 16 influenza virus HA subtypes circulated within avian species, which are 

the major natural reservoir for all influenza A virus strains (Kilbourne, 1987).  However, 

17th and 18th HA subtypes were recently isolated from bats along with new NA 

resulting in a total of 11 NA subtypes (Tong et al., 2012; Tong et al., 2013).  Within 

natural hosts, such as ducks, influenza viruses usually replicate in the gastrointestinal 

tract without causing illness (Taubenberger, 1998; Zambon, 2001).  In other birds, such 

as domestic fowl, the virus can infect the respiratory tract, causing illness and death.  

Sporadic infections can also occur in other animal species (Kilbourne, 1987); for 

example H5N1 has been isolated from humans (reviewed in Uyeki, 2009), cats 

(Vahlenkamp et al., 2008) and experimentally infected cattle (Kalthoff et al., 2008).   
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Table 1.1.  Influenza A virus RNA segments corresponding to the gene and expressed protein (modified from Shapshak et al. (2001) 

and Bouvier and Palese (2008)). 

RNA Segment Gene Protein Protein Function 

4 HA Hemagglutinin Receptor binding 

6 NA Neuraminidase Cleavage of sialic acid receptor for virus 

release 

5 NP Nucleoprotein Structural role with vRNA 

7 M Matrix proteins 1 and 2 M1 is involved in virion budding; M2 is an ion 

channel 

8 NS Non-structural proteins (NS) 1 

and 21 

NS1 is an interferon antagonist; NS2 exports 

vRNA cell nucleus to site of budding 

3 PA RNA Polymerase subunit 5’ cap-snatching endonuclease 

2 PB1 RNA Polymerase subunit, PB1-F2 PB1 is a RNA polymerase; PB1-F2 protein 

which induces host cell apoptosis 

1 PB2 RNA Polymerase subunit Cap-binding 

1 Non-structural protein 2 is also known as Nuclear Export Protein (NEP) (Nayak et al., 2004). 
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1.1.1 Influenza viral proteins 

i) Internal proteins 

The influenza virus internal proteins play critical roles during viral replication and are 

determinants of the virulence and host range of a strain (reviewed in Cheung and 

Poon, 2007).  The M1 protein, is the most abundant influenza virus protein which 

surrounds the RNP and RNA polymerases; PB1, PB2 and PA.  The co-localisation of 

vRNA with M1 protein on the surface of an infected cell is required for virus assembly 

and budding (reviewed in Nayak et al., 2004).  The NP is the second most abundant 

protein and is intimately associated with the vRNA in a structural role (reviewed in 

Webster et al., 1992; Portela and Digard, 2002).  The 3 polymerases (PB1, PB2 and PA) 

are coded by the vRNA segments 6, 7 and 8.  These proteins are all contained within 

the RNP complex with the vRNA and act during vRNA replication (reviewed in Webster 

et al., 1992; Harimoto and Kawaoka, 2005).  Also, coded by the PB1 gene (vRNA 

segment 7) is the PB1-F2 protein, which induces host cell apoptosis (reviewed in 

Neumann et al., 2009).  PB1-F2 plays a critical role in determining the virulence of an 

influenza virus strain, as demonstrated by the Spanish flu, which had the highly 

pathogenic PB1-F2 (Krejnusová et al., 2009).  PB2 has also been shown to be an 

important determinant of transmissibility and virulence, as single mutations change 

these properties (reviewed in Neumann et al., 2009).  Recently, the discovery of the 

PB1 and PA proteins as determinants of virulence in the influenza A/PR/8/34 virus 

strain has shown that the roles of the proteins within the virus remains to be 

completely understood (Liedmann et al., 2014).  Non-structural protein 1 and 2 (NS1 

and NS2) are abundant in infected cells, with NS2 involved in the export of vRNA from 

the cell nucleus to the site of budding (reviewed in Bouvier and Palese, 2008).  NS1 is 

an interferon (IFN) antagonist which reduces IFN-α/β production and inhibits the 

ability of IFN to transduce signals for activation of antiviral genes within cells 

(Fernandez-Sesma et al., 2006; Wright et al., 2007). 
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Figure 1.1.  The structure of the influenza virion.  A schematic representation of 

the influenza virion (reproduced from Harimoto and Kawaoka (2005)).  

The RNA and internal proteins, combined together in the 

ribonucleoprotein, are contained within a layer of M1 proteins, which 

are surrounded by a lipid bilayer.  The M2 protein spans the M1 and 

lipid layers while the surface proteins HA and NA project from the virus 

envelope. 
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ii) Surface Proteins 

Hemagglutinin (HA) 

HA is the major immunogenic surface protein of the influenza virus and is a trimer 

protein consisting of a globular head (HA1) and stem (HA2) (Kilbourne, 1987; 

Taubenberger, 1998; Cheung and Poon, 2007; Chun et al., 2008).  HA is translated as a 

single protein, HA0.  Before the virion is able to infect cells the HA0 must be cleaved by 

endogenous proteases to fold and form the trimer (Taubenberger, 1998).  The globular 

head (HA1) contains the receptor binding domain which binds the virus to cells 

through sialic acid receptors to initiate viral entry.  Sialic acids are sugars located at the 

terminal positions of glycoproteins and are differentiated based on the linkages 

between the sialic acid and the penultimate galactose residue (Ge and Wang, 2011).  

They are either α(2,6) or α(2,3), which are determinants of the virus subtype host 

range due to strains preferences (Ge and Wang, 2011).  Also contained within the HA1 

are the antigenic sites, or areas of the proteins where antibodies bind, of which 5 

antigenic sites have been confirmed for influenza A HA (Huang et al., 2012).  

Antibodies which bind HA1 are produced during infection and after vaccination and 

can prevent infection by blocking virus binding to cells.  However, selective pressure 

from these antibodies means the HA1 has a relatively fast mutation rate of 

approximately 3 to 5 amino acid changes a year, allowing it to potentially evade this 

neutralising immunity (Song et al., 2008). 

 

In contrast to the HA1 the HA2 section of the HA protein is more conserved across 

influenza virus strains (reviewed in Cheung and Poon, 2007; Wiersma et al, 2015).  The 

HA2 contains the fusion peptide and anchor domain (Yoshida et al., 2009).  Subsequent 

to the virus binding to a cell and being endocytosed it is transported through the 

endosome of the cell (reviewed in Hamilton et al., 2012).  Once the endosome is 

acidified the HA undergoes a conformational change which results in the exposure of 

the viral fusion peptide in the HA2 (reviewed in Wright et al., 2007; Hamilton et al., 

2012).  The fusion peptide then drives the fusion of the virus and cell membranes 

allowing for the release of viral contents into the host cell (Hamilton et al., 2012).  

Based on the sequence of the HA2 influenza A virus strains are divided into 2 groups; 

group 1 containing H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18 HAs while 
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group 2 containing H3, H4, H7, H10, H14 and H15 HAs (reviewed in Wiersma et al., 

2015).  Broadly neutralising antibodies have been identified from within the human 

population that cross-react with the viral strains contained within either group 

providing protection against a range of virus strains (Wei et al., 2010; Corti et al., 2011; 

Whittle et al., 2011; Friesen et al., 2014). 

 

 Neuraminidase (NA) 

NA is a mushroom-shaped tetramer with sialidase activity responsible for the release 

of new influenza virions from cells through cleavage of sialic acid (reviewed in Bouvier 

and Palese, 2008).  NA is also a determinant of virulence and host range because like 

HA it has a preference for particular sialic acid receptors (Wright et al., 2007).  The NA 

is under less immunological pressure than HA and therefore has a lower mutation rate 

(Maurer-Stroh et al., 2009).  NA is the target for the antiviral neuraminidase inhibitors, 

Zanamivir and Oseltamivir, which prevent virus release and reduce viral load (reviewed 

in Biegel and Bray, 2008; Colman, 2009). 

 

 M2 Protein 

The M2 protein is the least abundant surface protein on the influenza virion and during 

virus replication it forms an ion channel across the lipid membrane allowing the entry 

of hydrogen ions to acidify the interior of the virion.  M2 has successfully been 

targeted by the Amantadine family of antiviral drugs, which block the channel 

preventing acidification and virus replication (reviewed in Biegel and Bray, 2008; 

Bouvier and Palese, 2008; Colman, 2009).  The M2 protein is highly conserved between 

different strains of influenza virus, and as a consequence has been recognised as a 

potential target to provide universal protection through vaccination (Zebedee and 

Lamb, 1988; Treanor et al., 1990; Fernandez-Sesma et al., 1996; Neirynck et al., 1999; 

Liu et al., 2003; Liu et al., 2004b; Wang et al., 2008b). 

 

1.1.2 Influenza virus Replication Cycle  

To initiate viral replication, HA binds to sialic acid receptors on the surface of the host 

cell allowing the virion to be endocytosed (Figure 1.2) (reviewed in Dimitrov, 2004).  

Acidification within the endosomal compartment results in two changes, first a 
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conformational change to the HA exposing a fusion peptide, which fuses with the 

endosomal compartment wall creating a pore to the cell cytoplasm (reviewed in Biegel 

and Bray, 2008; Bouvier and Palese, 2008).  Second, hydrogen ions enter the virion 

through the M2 ion channel releasing the RNP from the M1 protein layer.  The viral 

RNP is transported to the nucleus of the cell where synthesis of new vRNA occurs.  The 

vRNA is transcribed into mRNA and enters the cytoplasm of the cell where it is 

translated to produce new RNP components.  The surface proteins HA, NA and M2 are 

produced by the translation of viral mRNA at the Golgi Apparatus.  New virions are 

assembled by the grouping of the RNP and M1 protein at the cell membrane (Nayak et 

al., 2004).  The virus then buds off and is released from the cell by NA-mediated sialic 

acid cleavage. 

 

1.1.3 Epidemiology and time course of disease  

i) Seasonal Influenza  

Three influenza A virus subtypes have been responsible for seasonal influenza 

epidemic infection of humans during the last century; H1N1, H2N2 and H3N2 (Huber 

and Mccullers, 2008; Chen et al., 2010a).  Yearly circulating virus strains cause severe 

illness in approximately 3 to 5 million people worldwide, and while it is difficult to 

precisely estimate, the mortality rate for seasonal influenza epidemics it lies between 

250,000 and 500,000 victims (WHO, 2003; Chen and Subbarao, 2009; Srivastava et al., 

2009).  Since 1977, seasonal influenza epidemics have been caused by both H1N1 and 

H3N2 strains (Figure 1.3) (Huber and Mccullers, 2008).  In 2009, A(H1N1)pdm09 

became the predominant causative strain of influenza with severe illness.  However, 

more recently, there has been a return to more H3N2 cases (reviewed in Saloman and 

Webster, 2009).  Seasonal infection with influenza virus follows antigenic drift 

rendering circulating neutralising antibodies ineffective (Russell et al., 2008). 

 

Uncomplicated seasonal influenza infection is predominately an upper respiratory 

tract infection characterised by symptoms such as fever, headache, runny nose, 

sneezing, coughing and myalgia (Carrat et al., 2008; Punpanich and 

Chotpitayasunondh, 2012).  Symptoms generally arise 1-4 days after virus infection 

and resolve over the course of approximately 9 days (Carrat et al., 2008).  Naturally 
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acquired infection was found to have peak virus shedding at the time of symptom 

onset with resolution of viral load (Lau et al., 2010).  Complicated influenza infections 

can have very severe consequences, when the infection spreads to the lower 

respiratory tract it can result in pneumonia or acute respiratory distress syndrome and 

potentially death (Rello and Pop-Vicas, 2009).  There are several risk factors that put an 

individual at greater risk of having complications from influenza infection including 

age, pregnancy, morbid obesity, immunosuppression and chronic cardiovascular or 

respiratory disease (reviewed in Punpanich and Chotpitayasunondh, 2012).  Serve 

influenza infection causing hospitalisation is often associated with increased and 

prolonged viral replication (Lee et al., 2009). 

 

ii) Pandemic Influenza  

The 1918 Spanish Flu pandemic was the first confirmed influenza pandemic, however it 

is unlikely that it was the earliest as the virus may have been circulating within humans 

for approximately 10,000 years (Oxford and Lambkin, 2006) and 13 possible influenza 

pandemics in the last 150 years have been identified (reviewed in Taubenberger and 

Morens, 2009).  The Spanish Flu, caused by a H1N1 strain, is estimated to have caused 

50 million deaths (Kilbourne, 1987; Luke et al., 2006;  Ahmed et al., 2007; 

Taubenberger and Morens, 2009).  Subsequent pandemics have not had as high 

mortality rates.  In 1957, a H2N2 subtype reassortant of the 1918 H1N1 was 

responsible for the deaths of approximately a million people (Taubenberger and 

Morens, 2009).  While in 1968, a reassortant derived from a H2N2 and H3 avian strain 

resulted in a H3N2 pandemic causing approximately half a million deaths 

(Taubenberger and Morens, 2009).  A H1N1 strain with a low mortality rate returned in 

1977, with infection limited almost exclusively to people under the age of 25, most 

likely, due to their lack of exposure to H1N1 virus strains prior to 1957 (Kendal et al., 

1978; reviewed in Kilbourne, 2006).   

 

 

 



 

1-11 

 

 

 

 

Figure 1.2. The influenza virus replication cycle within the host cell (reproduced 

from Biegel and Bray (2008)).  1) HA binds to the sialic acid receptor on 

the surface of the cell and the virus is endocytosed.  2) Acidification of 

the endosomal compartment results in conformational changes to the 

HA which results in the fusion of the viral and endosomal membranes.  

Acidification of the inside of the virion by protons flowing through the 

M2 channel releases the vRNP from the M1 proteins.  3) The vRNP 

enters the cytoplasm of the cell and is transported to the nucleus of the 

cell.  4) vRNA undergoes transcription and replication to produce more 

vRNA.  5) The mRNA is translated and new viral proteins are produced.  

6) Virus assembly occurs where the vRNP and M1 protein associate with 

the HA and NA at the cell membrane.   7) NA cleaves the new virion 

from the surface of the cell. 
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Figure 1.3. Influenza virus strains causing seasonal virus infections since the late 19th century (modified from Ahmed et al. (2007) and Palese 

and Wang, (2011)).  Influenza pandemics generally resulted in the replacement of circulating seasonal strain up until 1977, when the 

re-emergence of H1N1 did not displace H3N2 and the two began co-circulating.   
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The most recent pandemic was the reassortant A(H1N1)pdm09, which was declared a 

pandemic by the WHO in June 2009 (WHO, 2009; Shapshak et al., 2011).  This virus 

strain was responsible for the deaths of approximately 25,000 people, mostly 

individuals with underlying health conditions and the young (reviewed in Shapshak et 

al., 2011).  The virulence of this influenza virus strain was low causing mild disease, 

nevertheless the ease of virus spread demonstrated the world’s lack of pandemic 

preparedness (Butler, 2010).   

 

iii) Pandemic Potential 

The nature and speed of an influenza pandemic is unpredictable, as demonstrated by 

the A(H1N1)pdm09 with few people predicting that a H1N1 strain would cause the first 

pandemic of the 21st century.  Re-emergence of previously circulating seasonal strains, 

such as H2N2, could also cause a pandemic, as there is low herd immunity within the 

population (Chen et al., 2010a).  Moreover, through mutation or reassortment an 

avian influenza virus strain may acquire the ability for transmission between humans.  

With so many possibilities and the unpredictable nature of reassortment events, it is 

impossible to predict which strain of influenza will cause the next pandemic (reviewed 

in De Clercq, 2005; Capua et al., 2009; Girard et al., 2010).   

 

Avian influenza virus strains continue to sporadically infect humans but lack the ability 

to transmit from person-to-person (reviewed in Juckett, 2006).  Transmission of avian 

influenza virus strains, between people is limited due to the sialic acid HA binding 

preference of these strains (reviewed in Biegel and Bray, 2008; Yao et al., 2008).  

Within birds, particularly waterfowl, α(2,3)-linked sialic acid dominates the mucosae of 

the respiratory and gastrointestinal tracts, whereas in humans the major configuration 

is α(2,6)-linked sialic acid in the upper respiratory tract with a greater portion of α(2,3)-

linked sialic acid in the lower respiratory tract (reviewed in Zambon, 2001; Biegel and 

Bray, 2008; Ge and Wang, 2011).  Thus when avian influenza virus strains enter the 

human respiratory tract they do not encounter the preferred receptor, making it 

harder to establish an infection.  This is consistent with the clinical symptoms of H5N1 

virus infection, which show greater lower respiratory tract disease (reviewed in Uyeki, 

2009). 
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The major concern with avian strains is that they are antigenically unique and there is 

little herd immunity within the human population, potentially resulting in high 

mortality.  Highly pathogenic avian influenza (HPAI) H5N1 virus was first detected in a 

child from Hong Kong in 1997 and subsequent human infections by H5N1 virus strains 

have a mortality rate of over 60% (Poland and Sambhara, 2008).  Continuing circulation 

in birds, isolated infection of people, and cross species infection increases the 

opportunity for avian influenza virus strains to acquire mutations required for 

transmission between humans (Vahlenkamp et al., 2008).  Recent research suggests 

that a H5 virus (H5N1/A(H1N1)pdm09 reassortant) requires 4 amino acid mutations to 

acquire the ability to transmit between mammals (Imai et al., 2012).  These results 

were further confirmed in a study serially passaged H5N1 between ferrets and found 

that 5 amino acid mutations were required for airborne transmission between 

mammals (Herfst et al., 2012).  The more recent movement of H7N9 from birds to 

humans in a number of regions of China has demonstrated that it is possible for a 

number of strains to infect humans indicating they have pandemic potential 

(Kageyama et al., 2013).     

 

1.1.4 Control of influenza infection 

i) Active Immunisation 

At present active immunisation is the most effective prophylactic measure against 

influenza virus infection.  There are two types of commercially available vaccines but 

vaccine improvements along with new developments are a focus of continued 

research.    

  

  Inactivated Vaccines 

Inactivated vaccines are the most widely used vaccines against influenza and include 

the seasonal trivalent vaccine.  The seasonal trivalent vaccine formulation comprises 

two influenza A viruses and one influenza B virus strain and is modified each year 

based on circulating strain surveillance (reviewed in Gerdil, 2003; Subbarao et al., 

2006; Russell et al., 2008).  More recently quadrivalent vaccines have become licenced 

for seasonal vaccination and contain a second influenza B virus strain and these 

vaccines produce similar anti-viral responses as the trivalent counterparts (Cadorna-
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Carlos et al., 2015; reviewed in Soema et al., 2015).  The decision on which strains to 

include in the vaccine has to be made between 8 to 9 months before each flu season 

and therefore mismatches between vaccine and circulating strains can occur (de Jong 

et al., 2000; Monto, 2000; Terajima et al., 2008).  After growing in embryonated 

chicken eggs, virus is purified and chemically inactivated and vaccines are produced as 

whole virus, split (chemically disrupted) or subunit (purified protein) (reviewed in Cox 

et al., 2004; Russell et al., 2008; reviewed in Soema et al., 2015).  Inactivated vaccines 

are 60 to 100% effective in preventing morbidity and mortality, although these levels 

are reduced in the young, immune compromised and elderly (reviewed in Cox et al., 

2004; Deans et al., 2010).  The immune response induced to these vaccines is 

predominantly humoral (Deans et al., 2010). 

 

During a pandemic, there are limitations to the protection provided by active 

immunisation (reviewed in Booy et al., 2006).  Critically, time to availability, as 

demonstrated during the A(H1N1)pdm09, from recognition to distribution of a 

monovalent vaccine was 6 months (reviewed in Hehme et al., 2008; Butler, 2010).  

There are several steps that limit the availability of these vaccines that are outside of 

the speed at which the vaccine can be produced, these include availability of reagents 

for quality control and safety data from clinical trials (reviewed in Soema et al., 2015).  

Availability of vaccine doses is also limited, in approximately 2006 the production 

capacity for the world was estimated at 300 million doses or 4.5% of the population 

(Luke et al., 2006; reviewed in Osterhaus, 2007; Kieny and Fukuda, 2008).  A recent 

survey of seasonal influenza virus vaccine manufactures found that the production 

capacity had increased to over 1 billion doses (Partridge and Kieny, 2013).  This is still 

well short of the number of vaccine doses required to vaccinate the population during 

a pandemic.  Furthermore, current production protocols propagate the virus in 

embryonated chicken eggs.  Virus protein yields for some strains grown in eggs are 

low, especially H5N1 virus (Hu et al., 2008).  The possibility of pre-emptive stockpiling 

is limited due to the current lack of cross-protection from vaccines and the inability to 

predict which strain will cause a pandemic (de Jong et al., 2000; reviewed in Oxford 

and Lambkin, 2006; Capua et al., 2009; Kobinger et al., 2010).   
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  Live Attenuated Vaccines 

Live attenuated influenza vaccines (LAIV) are the second group of licensed influenza 

vaccines (reviewed in Cox et al., 2004; Dimitrov, 2004).  These vaccines are produced 

combining the internal proteins of a donor virus which has restricted replication 

capabilities with the surface proteins for the seasonal influenza strain (Wareing and 

Tannock, 2001; Cox et al., 2004; Ambrose et al., 2008).  The donor strains have 3 

characteristics; (a) allow replication at temperatures between 25 and 33oC, (b) restrict 

replication at above 39 and (c) do not cause influenza-like illness and due to these 

characteristics replication of the virus is restricted to the upper respiratory tract 

(Ambrose et al., 2008; Shcherbik et al., 2014).  The reassortant virus contains the 6 

internal genes of the donor virus and the 2 surface protein genes of the seasonal strain 

through reverse genetics in cell culture (Ambrose et al., 2008).  These vaccines are 

delivered intranasally and are 78 to 100% effective at preventing influenza virus 

infection.  Protection levels generated by LAIV in children are generally higher than 

inactivated vaccines although they are only licensed for use in people between 18 

months and 50 years of age (reviewed in Cox et al., 2004; Dimitrov, 2004).  Another 

advantage of LAIV is that they induce a cross-reactive cellular response by stimulating 

virus-specific cytotoxic T cells as well as inducing a virus-specific antibody response 

(Cox et al., 2004).  

 

 Vaccine Technologies Under Development  

Research into new influenza virus vaccines provides fertile ground with numerous 

research directions being undertaken.  One area is the direct modification of 

inactivated vaccines, including alternative production methods focusing on the growth 

of influenza viruses in cell culture thereby removing obstacles associated with 

production in embryonated chicken eggs (Kistner et al., 1998; Tree et al., 2001; Hu et 

al., 2008; Liu et al., 2009; Hussain et al., 2010).  These production methods have been 

shown to yield equivalent or greater amounts of virus than egg-based systems (Tree et 

al., 2001) and are immunogenic when tested in animal models of infection (Hu et al., 

2008).  Several human clinical trials have been undertaken to test the safety and 

immunogenicity of vaccines produced from influenza virus strains which were 

propagated in tissue culture cell lines (Ehrlich et al., 2008; Fritz et al., 2011).  As 
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recently reviewed in Barrett et al. (2015), successful trials have shown that these 

vaccines are both safety and effective at producing an immune response against a 

variety of influenza A virus strains, such as H5N1 (Ehrlich et al., 2008; Fritz et al., 2011), 

H1N1 (Ehrlich et al., 2012) and H9N2 (Aichinger et al., 2015).     

 

New adjuvants are also being investigated for their ability to increase levels and cross-

reactivity of antibodies produced by vaccination (Palese and García-Sastre, 2002; Joshi 

et al., 2009).  These adjuvants may prove to stimulate a cellular adaptive immune 

response as well as a humoral response (Joshi et al., 2009).  During the A(H1N1)pdm09 

vaccines with new adjuvants were tested, as with all testing of new therapeutics some 

were produced small benefits, such as the MF59TM-adjuvant vaccine (Wijnans et al., 

2013).  While the use of AS03B-adjuvant in children and adults resulted in significantly 

higher antibody titres than those inoculated with vaccines without the adjuvant in 

both adults (Langley et al., 2012) and children (Hoschler et al., 2014).  Adjuvants may 

also decrease the amount of HA required to produce a protective immune response 

(Langley et al., 2012).  

 

Recombinant influenza proteins have been produced in a number of cell systems and 

vaccination of mice with the recombinant protein has produced an antibody response 

that was protective in challenge studies (Bright et al., 2007; Horthongkham et al., 

2007; Song et al., 2008; Wei et al., 2008; Du et al., 2011).  Recombinant proteins can be 

modified to contain extra components such as the antibody Fc region to increase 

immunogenicity (Du et al., 2011).  Virus-like particles (VLP) containing the surface 

proteins induce a greater immune response than soluble protein alone (Bright et al., 

2007; Ding et al., 2010; Kasturi et al., 2011). 

 

When used in a plasmid prime-protein boost protocol, DNA plasmid vaccines have 

increased antibody responses over protein vaccination alone by up to fifty times (Wei 

et al., 2008; Ding et al., 2010).  Comparisons of DNA plasmids coding for different 

influenza virus proteins have shown that the HA and NA antigens provide the best 

protection (Chen et al., 1998).  However, other proteins have shown potential in 

preclinical trials, such as a DNA plasmid coding for the PB1 protein which protected 
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mice from influenza challenge as effectively as a HA plasmid (Košík et al., 2012).  The 

design of DNA plasmids permit very specific epitopes to be generated and delivered to 

the immune system, allowing DNA plasmids to provide greater cross-reactive multi-

strain responses leading to a potentially universal vaccine with heterosubtypic 

immunity (Palese and García-Sastre, 2002; Carragher et al., 2008; Wei et al., 2008; Ding 

et al., 2010; Yan et al., 2014).  Several early DNA plasmid-vaccine boost vaccination 

trials in humans has been shown to be safe without significant adverse side effects 

(Ledgerwood et al., 2013; Khurana et al., 2013; Ledgerwood et al., 2015).  Trials using 

DNA plasmid-vaccine strategy to elicit antibodies against H5N1 have been successful 

(Ledgerwood et al., 2013; Khurana et al., 2013) which contrasts with the results of a 

trial for seasonal influenza virus (Legerwood et al., 2015).  The authors of these studies 

conclude that reason for these differences is the presence of pre-existing immunity to 

the seasonal virus or the requirement for further optimisation of the vaccination 

strategy.  Plasmids can also code for neutralising antibodies directly, which after 

administration are transcribed and translated by the host to produce the neutralising 

antibodies, which prevent virus infection (Yamazaki et al., 2011; Balazs et al., 2013; 

Tutykhina et al., 2013). 

 

The ultimate goal of vaccine development is a universal vaccine which produces 

protection against multiple strains of influenza viruses (reviewed in Neirynck et al., 

1999; Palese and García-Sastre, 2002; Huber and Mccullers, 2008; Du et al., 2010).  A 

number of targets have been identified as having this potential, including the external 

section of the M2 protein (M2e), HA2, conserved areas of HA1 and NP (reviewed in Du 

et al., 2010; Kirchenbaum and Ross, 2014; Wiersma et al., 2015).  Alternatively, a 

vaccine which co-stimulates both antibody production and a T cell response could 

better mediate universal protection (Thomas et al., 2006; Droebner et al., 2008). 

 

ii) Antiviral Drugs  

At present there are two classes of antiviral drugs licenced for use against influenza 

virus, M2 ion channel blockers and neuraminidase inhibitors with only the M2 ion 

channel blockers used for prophylaxis (reviewed in Munoz et al., 2000; De Clercq, 

2005; Juckett, 2006; Biegel and Bray, 2008; Colman, 2009; Neumann et al., 2009).  
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Amantadine and its derivatives block the ion channel formed by the M2 protein 

preventing viral RNP release into infected cells.  While neuraminidase inhibitors, 

Zanamivir and Oseltamivir, block the enzymatic activity of NA preventing the release of 

new virions from infected cells.  While these drugs are highly effective, the potential 

for the virus to develop drug resistance makes them unreliable when used as the only 

prevention/treatment method.  Antiviral resistance to both drugs occurs among 

seasonal influenza virus strains and is more frequent to the ion channel inhibitors 

(reviewed in Munoz et al., 2000; De Clercq, 2005; Juckett, 2006; Biegel and Bray, 2008; 

Colman, 2009; Neumann et al., 2009).  H5N1 virus strains have been found with 

resistance to both antiviral drug types (reviewed in Saloman and Webster, 2009; Uyeki, 

2009; Kelso and Hurt, 2012).   

 

iii) Existing protection in the population 

Herd immunity refers to the protection of non-immune individuals due to a section of 

the population having immunity either from prior exposure or through vaccination 

(reviewed in Gallaher, 2009).  The primary antibody response to infection or 

vaccination with influenza virus is anti-HA1 response which recognises the globular 

head of the protein (reviewed in Cox et al., 2004; Dimitrov, 2004; Wiersma et al., 

2015).  These antibodies are highly strain specific and prevent infection with the 

matching virus strain.  Importantly, the presence of these antibodies in a significant 

proportion of the population limits virus replication in immune individuals interrupting 

the replication cycle and reduce virus spread in non-immune individuals as well 

(reviewed in Lang et al., 2011).  However, these antibodies are strain specific and the 

consequences of a lack of herd immunity were evident during the A(H1N1)pdm09 as 

previous exposure to H1N1 virus strains circulating post-1950 provided limited 

protection, this allowed for the spread of the virus (Garten et al., 2009; Deans et al., 

2010).  Experimentally, immunization against seasonal H1N1 influenza virus strains did 

not produce antibodies that bound A(H1N1)pdm09 in hemagglutination inhibition 

assays (Garten et al., 2009).  Similarly, sera collected from volunteers before and after 

immunization with seasonal flu vaccines contained no cross-reacting antibody against 

A(H1N1)pdm09 in those under 60 years of age likely due to lack of exposure to pre-

1950 virus strains (Katz et al., 2009).  As the potential for zoonotic virus outbreaks 
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exists, researchers have investigated neutralising antibody levels within the population 

for a number of avian influenza virus strains and found varying levels of antibodies 

present to a number of different strains (Sandbulte et al., 2007; Shirvan et al., 2007; 

Kayali et al., 2008; Tang et al., 2008; Capua et al., 2009; Garcia et al., 2009).  Whether 

these antibodies provide protection outside of in vitro assays is unclear (Kayali et al., 

2008; Tang et al., 2008).   

   

Multiple exposures to influenza viruses through vaccination and seasonal influenza 

virus infection can provide significant cross-protection without producing significant 

neutralising antibody levels most likely mediated by cell immunity or non-neutralising 

antibodies (Kreijtz et al., 2007; Keitel et al., 2008; Lynch et al., 2009; Sullivan et al., 

2009).  More recently, broadly neutralising antibodies have been isolated from 

individuals, these antibodies bind to multiple virus strains and target the HA2 stalk 

region of the HA protein (reviewed in Corti and Lanzavecchia (2013) and Laursen and 

Wilson (2013)).  Produced after repeated exposure to different influenza virus strains, 

a number of these antibodies are been found which bind to viruses of either the group 

1 or 2 virus strains (reviewed in Wiersma et al., 2015).  These antibodies may provide 

protection from virus strains that an individual is naïve too by preventing HA2 

conformational changes or Fc-dependent mechanism and may be critical during a 

pandemic.         

 

 

 

  



 

1-21 

 

1.2  Immune response to influenza virus infection  

The immune system has evolved an array of components to control pathogenic 

infections.  However, over thousands of years of influenza virus circulation within the 

human population, the virus has continued to evade the immune system through 

mutation and the release of antagonistic proteins.  The mechanisms involved in the 

host immune response to influenza virus continue to be unravelled (illustrated 

schematically in Figure 1.4). 

 

The balance between the magnitude of the immune response to control influenza virus 

infection versus causing pathology to the respiratory tract is very delicate, as an 

exacerbated immune response can severely damage the structure of the lung (Peiris et 

al., 2010).  Many of the symptoms of influenza virus infection, including fever and 

drowsiness, are the result of the immune response (Kurokawa et al., 1996; reviewed in 

Van Reeth, 2000; Kim et al., 2011).  The magnitude of the immune response depends 

on the virulence of the infecting virus strain and can become unregulated such as the 

“cytokine storm” during H5N1 virus infection fatalities (Peiris et al., 2009).  Recent 

evidence suggests that A(H1N1)pdm09 also induces increased cytokine and chemokine 

production (Gao et al., 2013). 

 

1.2.1 Innate immune response 

The innate immune system is the first line of defence against infection and provides a 

non-specific response against bacteria and viruses.  During influenza virus infection the 

innate immune response protects the host during the period of greatest virus 

replication between 2 and 3 days post infection before an adaptive immune response 

is mounted (Moltedo et al., 2009).  Therefore, the innate immune response contains 

virus replication and prevents systemic spread.   

 

Influenza virus is recognised by pattern recognition receptors, including the Toll-like 

receptors (TLR), NOD-like receptors (NLR) and RIG-I-like receptors (RLR), which detect 

the entry of the foreign infective agent and initiate cytokine release (Joshi et al., 2009; 

Schmolke and García-Sastre, 2010; reviewed in Wu et al., 2011).  The TLRs 3, 7, 8 and 9 

recognise ssRNA from viruses including influenza virus (Heer et al., 2007; Le Goffic et 
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al., 2007; Allen et al., 2009; reviewed in Kumar et al., 2009).  While TLR4 may also play 

a role as TLR4 knockout mice are more susceptible to influenza virus infection and pre-

stimulation of TLR4 increases survival (Hashimoto et al., 2007; Shinya et al., 2011).  In 

vitro analysis of the role of TLR10 demonstrated that the TLR10 induces a cytokine 

response in cell lines which were differentially expressed in response to virus strains 

with different pathogenicity levels (Lee et al., 2014).  The NLRP3 protein complex has 

been established as an intracellular mechanism of detecting influenza virus infection 

which produce an inflammasome and controls the release of innate cytokines (Allen et 

al., 2009; Ichinohe et al., 2009; Thomas et al., 2009).  RLRs recognise influenza after 

fusion and replication begins in infected cells (Le Goffic et al., 2007; Ichinohe et al., 

2009).  After binding of the virus to the receptor they mediate the production of 

cytokines and chemokines, for example, TLR binding results in the activation of the 

MyD88 pathway leading to type I IFN production (Kumar et al., 2009). 

 

i) Innate Cytokine Response 

Understanding the role that a single cytokine plays during influenza virus infection can 

be difficult to elicit as knocking out a single cytokine often does not change the course 

of virus infection due to redundancy within the innate immune system (Perrone et al., 

2010).  This is further complicated by the fact that different influenza virus strains 

induce different cytokine responses (Chan et al., 2005).  Human and mouse studies 

have shown a consistent profile of cytokine release associated with influenza virus 

infection.  The pattern includes early increases in Interferon α/β (IFN-α/β), Tumour 

Necrosis Factor (TNF-α), and Interlukin-1 (IL-1) followed by IL-6 and IL-8, and later 

increases in IL-10 and IFN-ɣ (Table 1.2) (Conn et al., 1995; Hayden et al., 1998; Hennet 

et al., 1992; Van Reeth, 2000; reviewed in Iwasaki and Pillai, 2014).   

 

Interferon (IFN) 

Type I IFNs are produced during the early stages of influenza virus infection increasing 

in the first 3 days post-infection (Jewell et al., 2007) before returning to baseline levels 

between days 5 and 7 (Kurokawa et al., 1996; Marcus et al., 2005; Al-Garawi et al., 

2009).  During influenza virus infection the vRNA of the virus is recognised by the TLR3, 

TLR7, NLR and RIG-I receptors, which transduce through signalling pathways the 

activation of transcription and production of IFN-α (reviewed in Perry et al., 2005).  



 

1-23 

 

Type I IFNs induce an antiviral state in the surrounding cells through gene 

transcription, limiting the infection of these cells, and also activate or promote the 

survival of natural killer (NK), T and B cells (reviewed in Perry et al., 2005; García-

Sastre, 2006).  While the type I IFN response alone is not sufficient to clear replicating 

virus from the airway it is critical for limiting the systemic spread of highly virulent 

influenza virus strains (García-Sastre et al., 1998; Price et al., 2000; Szretter et al., 

2009).  Primary evidence for this comes from receptor knockout mice where the 

absence of the IFN-α/β receptor (IFNAR-/-) does not alter the replication rates of the 

virus within the lung (Price et al., 2000; Goodman et al., 2010).  However, these IFNAR-

/- mice are more susceptible to death caused by influenza virus due to greater 

systemic virus spread (Mordstein et al., 2010).  Recent evidence suggests that IFN-α 

may in fact play a detrimental role during influenza virus infection by inducing a 

cytokine storm, which overwhelms the lung (Teijaro et al., 2011).  However, treatment 

of influenza virus infected mice with IFN-α/β has been shown to result in faster viral 

clearance than untreated individuals (James et al., 2007a; Kugel et al., 2009; Yoo et al., 

2010). 

 

The type II IFN (IFN-ɣ) is produced later during the course of influenza virus infection 

by NK and CD8+ T cells and has many antiviral effects similar to those of IFN-α/β 

(Uetani et al., 2008).  However, IFN-ɣ is not required for protection or recovery from 

influenza virus infection and it does stimulate adaptive immune responses (reviewed in 

Tamura and Kurata, 2004; Uetani et al., 2008).  Blockage with anti-IFN-ɣ antibody 

reduces IgG2a and IgG3 antibody levels and the cellular influx into the lung (Baumgarth 

and Kelso, 1996).  Influenza virus also inhibits the action of IFN-ɣ without NS1 protein 

involvement (Uetani et al., 2008).    

 

Type III IFNs, including IFN-λ, were recently identified and have been shown to be 

produced and protect against influenza virus infection (Jewell  et al., 2010; Mordstein 

et al., 2010).  Type III IFN are produced by alveolar macrophages and epithelial cells 

after influenza virus infection (Wang et al., 2009a; Wang et al., 2012) with TLR and RIG-

I recognition of the virus inducing IFN-λ production. Double knockout mice for type I 

and III IFNs are more susceptible to influenza virus caused death than single knockout 
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and wild type mice (Mordstein et al., 2010).  IFN-λ has been shown to be produced in 

greater concentrations than type I IFNs during influenza virus infection.  IFN-λ initiates 

an antiviral state in the lung by binding to the IFN-λ receptor stimulating the Jak/STAT 

pathway to protect cells (Jewell  et al., 2010).   The results concerning type I and III IFN 

knockout mice suggests IFNAR-/- mice are more susceptible to influenza virus caused 

death without increased virus replication, as IFN-λ controls virus replication in the lung 

while IFN-α/β limits systemic virus spread.  

 

The magnitude of the IFN response to influenza virus infection is modified by the 

severity of the infection where extremely high viral levels result in lower IFN responses 

(Conn et al., 1995).  This occurs because influenza virus contains an IFN antagonist, the 

NS1 protein, which acts by inhibiting RIG-I and STAT phosphorylation (Kos and 

Engleman, 1996; Fernandez-Sesma et al., 2006; Moltedo et al., 2009; Ehrhardt et al., 

2010; Jia et al., 2010).  The NS1 protein limits the production of both the type I and II 

IFN cytokines to allow for the virus to replicate in the presence of a limited host 

immune response.   
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Figure 1.4. Immune response to influenza virus infection.  The schematic outlines the immune response to influenza virus infection 

described in the text.  Upon influenza virus recognition by the immune system a series of cytokines are released which 

activate, recruit and induce proliferation of the cellular components of the immune response to the virus.  
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Table 1.2. Cytokine production after influenza virus infection 

Cytokine Produced by Timing Role 

Type I IFN EC, pDC Peaks day 3 returning to normal day 5 Initiates an antiviral state, Activate T and B cells, 

Limits systemic spread 

Type II IFN NK, T cells Detectable 24 hours p.i.  Initiates an antiviral state 

Type III IFN AM, EC Peaks day 3 p.i. Reduce virus replication in the lung 

TNF-α EC Between days 2-10 p.i.  Activation of neutrophils and macrophages, 

Stimulates release of other cytokines 

IL-1 AM Peaks day 3 p.i. Neutrophil and macrophage migration, Lung repair 

IL-6 EC, pDC Between days 3-10 p.i.  Antibody production 

IL-8 Neutrophils Detectable 24 hours p.i. Neutrophil chemo-attractant  

IL-10 T cells Between days 5-10 p.i. Return to normal lung environment 

IL-12 DC Peaks day 3 p.i. Differentiation of activated T cells 

IL-18 AM Early in the infection Activates NK, Induces IFNɣ, Proliferation of T cells 

EC  Epithelial Cells 

pDC  Plasmacytoid Dendritic Cells  

NK  Natural killer cells 

DC  Dendritic Cells 

AM  Alveolar Macrophages  
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Tumour Necrosis Factor (TNF) 

TNF-α is a pro-inflammatory cytokine which is involved in recruiting monocytes, T and 

B cells to the respiratory tract, and also has antiviral effects.  TNF-α is produced 

between 3 and 10 days post-influenza virus infection (Al-Garawi et al., 2009).  Infection 

of lung epithelial cell lines demonstrated the production of TNF-α by these cells and 

macrophages (Seo and Webster, 2002).  Treatment of these cells with TNF-α reduced 

viral replication to a greater degree than treatment with IFN-α or IFN-ɣ (Seo and 

Webster, 2002).  TNF-α can stimulate the release of other chemokines and type I IFN 

by stimulating STAT1 (Yarilina et al., 2008).  Triple knockout mice for both TNF 

receptors and IL-1 lived longer than wild-type mice when infected with H5N1 virus due 

to reductions in cell recruitment to the lungs (Perrone et al., 2010).  However, the 

triple knockout mice had greater systemic virus spread indicating TNF-α limits 

influenza virus dissemination.     

 

Interleukins (IL) 

A range of Interleukin (IL) cytokines are released during influenza virus infection.  

Among the most important are the pro-inflammatory IL-1 and IL-18 cytokines.  IL-1 is 

produced after recognition of influenza virus by the NLRP3 receptor (Allen et al., 2009; 

Ichinohe et al., 2009; Thomas et al., 2009).  IL-1 stimulates neutrophil and macrophage 

movement to the respiratory tract and IL-1 knockout mice have lower cell numbers in 

the lung and are more susceptible to death from influenza virus infection (Schmitz et 

al., 2005).  IL-1 also has a role in the repair of the lung after infection and the adaptive 

immune response (Matsuo et al., 2000; Thomas et al., 2009).  IL-18 activates natural 

killer (NK) cells, induces IFN-ɣ and causes proliferation of activated T cells.  Studies 

using IL-18 knockout mice have shown that the production of IL-18 during influenza 

virus infection controls NK cells and the IFN system early during infection without 

affecting the adaptive immune response (Liu et al., 2004a).   

 

IL-6 is produced between approximately 3 and 10 days post-infection, and is a pro-

inflammatory cytokine (Svitek et al., 2008; Al-Garawi et al., 2009).  Produced by pDC 

and epithelial cells, IL-6 is also involved in the activation of B cells from plasmablasts to 
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antibody-secreting plasma cells (Jego et al., 2003).  IL-8 is a neutrophil chemo-

attractant released by epithelial cells early during virus infection causing neutrophil 

influx into the lung (Svitek et al., 2008).  Once endocytosed influenza virus stimulates 

the TLR-7 receptor, which leads to the release of IL-8 by neutrophils (Wang et al., 

2008a).  IL-10 is produced later during the course of influenza virus infection between 

approximately days 5 and 10, when it is released by effector T cells. IL-10 down 

regulates the immune response returning the lung to homeostasis (reviewed in Van 

Reeth, 2000; Kim et al., 2011).  Produced by dendritic cells (DC), IL-12 is thought to 

induce adaptive immune responses by driving differentiation of activated T cells (Hao 

et al., 2008).  IL-12 production is reduced when high concentrations of influenza virus 

infect DC, leading to a disruption of DC function (Hao et al., 2008). 

 

ii) Innate Cellular Response 

In the early stages of influenza virus infection there is an influx of innate immune cells 

to the respiratory tract, comprising mostly macrophages and neutrophils.  Other cells, 

which travel to the respiratory tract, include NK cells and DC.  These cells are recruited 

through the release of cytokines and chemokines by cells infected within the 

respiratory tract (summarised in Table 1.3). 

 

Epithelial Cells (EC) 

While not an infiltrating cell, epithelial cells (EC) are a critical first line of defence 

during influenza virus infection as they are the primary cell type infected in the 

respiratory tract (Sanders et al., 2011).  EC prevent systemic viral entry to the systemic 

system not only by acting as a barrier but also because they produce a range of 

cytokines (Chan et al., 2005; Sanders et al., 2011).  In vitro infection of EC by influenza 

virus increases their production of IL-6, TNF-α, IL-8, RANTES, Interferon-gamma-

inducible protein (IP-10) and IFN-β (Chan et al., 2005; Lam et al., 2010). 

  

Alveolar Macrophages (AM) 

Alveolar macrophages (AM) are involved in the control of influenza virus infection 

during the early stages of the infection when they are recruited to the lung and 
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become activated (Tumpey et al., 2005).  Once activated, these cells proceed to 

phagocytose infected cells reducing further spread of the virus.  AM also release 

inflammatory cytokines, recruiting more cells to the respiratory tract (McGill et al., 

2009).  AM depletion studies have shown increased mortality and systemic influenza 

virus spread during mild infection (Tumpey et al., 2005).  AMs are also a critical source 

of cytokines and chemokines including type I and III IFNs, TNF-α and IL-6 (Wang et al., 

2012) and also play a regulatory role by down-regulating DC activation (Holt et al., 

1993). 

 

Neutrophils 

Neutrophils invade the respiratory tract early in influenza virus infection in large 

numbers and control virus replication and limit systemic spread (Tumpey et al., 2005; 

Fujisawa, 2008; Tate et al., 2008; Tate et al., 2009; Tate et al., 2011).  The roles of 

neutrophils are to phagocytose influenza virions and apoptotic cells as well as release 

various cytokines (Hashimoto et al., 2007; Tumpey et al., 2005; Fujisawa, 2008), 

including inflammatory cytokines after TLR7 recognition of influenza virus (Wang et al., 

2008a).  While studies have shown that neutrophils reduce virus spread to extra-

pulmonary organs (Tate et al., 2008), experiments with CXCR2 knockout mice have 

shown that recruitment of neutrophils to the respiratory tract is not required for virus 

clearance (Wareing et al., 2007; Narasaraju et al., 2011).  Although, neutrophils were 

thought to be a cause of lung pathology, recent studies have shown that increases in 

neutrophil numbers within the respiratory tract during influenza virus infection did not 

result in exacerbation of clinical symptoms or lung pathology (Tate et al., 2011).  On 

the other hand, reductions in the numbers of neutrophils within the lung have been 

shown to increase survival rates (Sakai et al., 2000).   

 

Natural Killer (NK) Cells 

Natural Killer (NK) cells aid in the control of influenza virus infection by producing IFN-ɣ 

and killing infected cells by releasing granules through cell-cell synapses (Culley, 2009; 

GeurtsvanKessel et al., 2009). Although, the precise role of NK cells during influenza 

virus infection remains unclear, they are recruited to the lung early during influenza 
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virus infection and their depletion leads to greater morbidity (Culley, 2009; McGill et 

al., 2009).  NK cells are also required for influenza virus-specific cytotoxic T lymphocyte 

(CTL) responses by activation of CD8+ T cells to become effector T cells (Kos and 

Engleman, 1996; Culley, 2009).  

 

Dendritic cells (DC) 

Conventional dendritic cells (cDC) are professional antigen presenting cells (APC), 

which after influenza virus infection influx into the respiratory tract, capture influenza 

antigen, either through becoming infected or by phagocytosis of infected cells, and 

then travel to the draining lymph nodes to present antigen to CD8+ cells (reviewed in 

Peebles and Graham, 2001; Legge and Braciale, 2003; GeurtsvanKessel et al., 2008; 

Summerfield and Mccullough, 2009).  After the first influx of DC to the lymph nodes, 

DC migration ceases and cDC that have taken up viral antigens remain in the 

respiratory tract where they present these antigens to CD8+ cells.  This occurs because 

a second interaction between the two cell types is required before influenza virus-

specific CD8+ cells become effector cells (McGill et al., 2008).     

 

Plasmacytoid DC (pDC) are recruited to the lung early during influenza virus infection 

and are the major producers of type I IFN (Wolf et al., 2009; Schmolke and García-

Sastre, 2010).  pDC-depletion studies showed that pDC were not required to resolve 

infection but the lack of pDC reduced the magnitude of the humoral response 

(GeurtsvanKessel et al., 2008).  However, in vitro experiments using cell culture have 

shown a role for pDC in antigen presentation and activation of CD8+ T cells (Lui et al., 

2009).  Both the results were confirmed in pDC knockout mice where pDC were not 

essential for control or recovery from influenza virus infection and their role was to 

recruit T cells to the lung (Wolf et al., 2009).    
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Table 1.3. Immune cellular response after influenza virus infection 

Cell Recruited by Releases Role 

Epithelial  Always present Type I and III IFN, IL-6, IL-8, TNF-

α 

Physical barrier preventing virus 

entry to blood and release of 

cytokines. 

Alveolar Macrophage Low numbers always present, 

TNF-α 

IL-1, IL-18 and IFN-λ Phagocytosis of infected cells. 

Dendritic  Low numbers always present IL-6, IL-12, IFN-α/β Antigen presenting cell. 

Natural Killer  IL-12, IL-18 IFN-ɣ Apoptosis of infected cells and T 

cell activation.  

Neutrophil IL-8 IL-8 Phagocytosis of influenza virions 

and apoptotic cells. 

B  IL-1 Antibody Antibody production. 

T  TNF-α IFN-ɣ and IL-10 Lysis of infected cells and 

memory functions. 
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1.2.2 Adaptive immune response 

The adaptive immune response produces influenza virus-specific memory for rapid 

proliferation upon repeated exposure to the virus.   Recovery from influenza virus 

infection involves two phases of the adaptive immune response, first a cytotoxic T 

lymphocyte (CTL) phase (5 to 7 days post infection) and final clearance (>7 days) 

through B cell antibody production (Gerhard et al., 1997).  

 

i) Immune Cellular Response  

The major cellular adaptive immune response is the production of influenza virus-

specific CD8+ T cells.  The presence of CD8+ T cells has been shown to correlate with 

reduced virus shedding and clinical symptoms/outcomes in human infection 

experiments (McMichael et al., 1983) and natural infection monitoring (Sridhar et al., 

2013).  These CD8+ T cells are activated in the draining lymph nodes by DC and then 

travel to the respiratory tract where they destroy influenza virus-infected cells by 

lysing the cells following receptor activation (reviewed in Kim et al., 2011).  CD8+ cells 

lyse infected cells by releasing perforin to permeabilise the cell membrane and then 

granzymes which enter the cell causing apoptosis (Kreijtz et al., 2011).  CD8+ T cells 

also release pro-inflammatory cytokines (IFN-ɣ, TNF-α, IL-2, IL-17 and macrophage 

inflammatory protein-1α) which recruit more cells to the lung increasing inflammation 

and damage (Valkenburg et al., 2011).  After the virus is cleared, a small population of 

influenza virus-specific memory CD8+ T cells remain circulating.  These memory CD8+ T 

cells can provide cross-protection against multiple strains of influenza virus as they 

target conserved epitopes, such as NP and M1 proteins (McMichael et al., 1983; Kreijtz 

et al., 2011; Sridhar et al., 2013).  However, as they require cell infection before they 

effectively kill cells, viral replication occurs before they act which is not ideal for 

controlling infection (Schotsaert et al., 2010). 

 

The role of the CD4+ T cells is less clearly understood, while they are involved in the 

classical helper T cell role they have been shown to have a cytolytic effect on influenza 

virus infected cells (Thomas et al., 2006; Schotsaert et al., 2010).  CD4+ T cells enhance 

the activity of antiviral antibodies potentially by increasing antibody-dependent cell-
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mediated cytotoxic or phagocytosis (Mozdzanowska et al., 2005; Kim et al., 2011).  

High pre-existing anti-influenza CD4+ T cell levels in humans have been shown to 

reduce the severity of influenza virus infection (Wilkinson et al., 2012).  A subset of 

CD4+ T cells which play a role during influenza virus infection are the T follicular cells, 

these T cells are responsible for regulating a number of factors in the germinal centres, 

location where B cells mature, including germinal centre size and restriction of B cells 

in the centre based on their affinity (reviewed in Crotty, 2014).  During influenza virus 

infection these cell have been shown to be critical for driving the B cell response to 

produce a strong antibody memory response during repeated virus challenge (Boyden 

et al., 2012).   

 

ii) Immune Humoral Response 

Influenza virus-specific antibodies provide protection from re-exposure to infection 

with the same strain of influenza virus (reviewed in Martinez et al. (2009)).  During 

primary exposure to influenza virus, antibodies play a role in the clearance of influenza 

virus as B cell deficient mice do not clear the virus (Gerhard et al., 1997; 

Mozdzanowska et al., 2005).  B cells are found in the draining lymph nodes within 48 

to 72 hours after influenza virus infection where they become activated after 

encountering APC.  Upon reinfection with influenza virus, memory B cells migrate to 

the lungs where they produce IgA and IgG to clear the virus (Onodera et al., 2012).  

 

Anti-influenza antibodies can control virus infection via two main mechanisms.  Firstly, 

antibodies can prevent virus replication by neutralising the virus at the site of 

infection.  Antibodies can bind to the HA head (HA1) preventing it from attaching to 

cells, bind to the HA stem (HA2) conformational changes to HA which are required for 

virus entry or prevent virus release by binding to the NA preventing its action 

(reviewed in Subbarao et al., 2006).  The importance of inhibitory antibodies was 

demonstrated by Hobson et al. (1972) who demonstrated that the anti-HA inhibitory 

antibody titre was inversely correlated with the rate of infection when challenged with 

a matching virus strain in human challenge experiments.  Secondly, antibodies can play 

a role during viral clearance, antibodies can also work through antibody-mediated Fc-
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dependent phagocytosis or antibody-dependent cellular cytotoxicity (ADCC).  This 

occurs when the antibody binds to an infected cell or virion and effector cells, such as 

monocytes, macrophages and natural killer cells, with Fc receptors recognise the 

bound antibody and either phagocytose the cell or kill the cell.  This mechanism is 

important as Fc receptor knockout mice fail to clear virus infection (Huber et al., 2001) 

and may play a significant role in protection with broadly neutralsing antibody 

protection (DiLillo et al., 2014).  Antibodies are produced against a range of viral 

proteins, the most immunogenic being HA and NA.  Upon repeated exposure to the 

virus through vaccination or infection, broader neutralising antibodies are produced 

(Corti et al., 2010; Settembre et al., 2011).   

 

1.2.3 Interplay between the innate and adaptive immune response 

The magnitude of the adaptive immune response is related to the magnitude of the 

initial innate immune response as many of the innate immune responses influence the 

adaptive (reviewed in Tamura and Kurata, 2004; Kasturi et al., 2011).  Examples of this 

interaction include, activation of DC required for antigen presentation to T cells and 

the amount of type I IFN released by DC in controlling the B cell response by affecting 

B cell migration, transcription and proliferation (Coro et al., 2006; Chang et al., 2007).  

Antibody responses were also reduced by the depletion of pDC, without changes to 

the amount of IFN present (GeurtsvanKessel et al., 2008).  Opsonisation of virus with 

antibodies can label it for phagocytosis and works together with neutrophils to clear 

the virus (Fujisawa, 2008).  Type I IFNs up-regulate co-stimulatory molecules on CD8+ T 

cells while reducing clonal expansion of T cells, which are recruited later during virus 

infection (Welsh et al., 2012).  Neutrophils can regulate the numbers of CD8+ cells 

within the lung reducing the numbers of cells and cytokine levels produced to aid lung 

recovery (Tate et al., 2012).  In vitro AM have been shown to reduce the activation of T 

cells by DCs (Holt et al., 1985).  While AM depletion in mice resulted in greater 

numbers of CTL in the lung after virus infection demonstrating that AMs down-

regulate CTL recruitment (Wijburg et al., 1997). 
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1.3  Passive immunotherapy for the control of influenza 

Passive immunotherapy is a valuable tool used for applications from the treatment of 

cancer to the control of infectious disease (reviewed in Keller and Stiehm, 2000; 

Sawyer, 2000; Casadevall, 2002; Kokai-Kun and Mond, 2004; Marasco and Sui, 2007; 

Lachmann, 2009; Luke et al., 2010).  In an influenza virus pandemic, passive 

immunotherapy used as an adjunct to vaccination has provided significant reduction in 

mortality, for example, as it did during the Spanish Flu pandemic (Luke et al., 2006).  

There is a growing body of research investigating the use of antibodies to control 

influenza virus infection.    

 

1.3.1 Prevention of influenza infection by passive immunotherapy 

Passive immunotherapy is potentially highly efficient and extensive research has 

shown antibodies to be effective in animal models of influenza virus infection (see 

summary table in Appendix A1).  Early studies demonstrated that passively 

administered influenza virus-specific antibodies prevented influenza virus infection 

(Virelizier, 1975; Mozdzanowska et al., 1997).  For prophylactic use, antibodies are as 

effective at controlling influenza virus infections as antiviral drugs (Hernandez et al., 

2003; Koudstaal et al., 2009).  Comparing the prophylactic ability of monoclonal IgM, 

human IVIG, F(ab’)2 and the anti-viral drugs, Amantadine and Zanamivir, all protected 

mice from lethal influenza virus infection; differences in the effectiveness of each 

prophylactic became apparent when comparing weight loss during infection 

(Hernandez et al., 2003).  Mice receiving any of the antibody treatments showed 

similar weight loss to mice receiving antiviral drug treatments.  However, the 

Zanamivir dose needed to be increased above the recommended therapeutic dose to 

be effective prophylactically.  Koudstaal et al (2009) confirmed these results by 

comparing the broadly cross-reactive monoclonal antibody, CR6261, to the NA 

inhibitor, Oseltamivir.  Prophylactic use of the antibody resulted in higher survival 

rates, lower weight loss and clinical scores than Oseltamivir.   

 

With growing concern over avian influenza virus strains having the potential to cause a 

pandemic, a range of monoclonal antibodies have been tested and found to reduce 
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H5N1 influenza virus infections in various animal models (Hanson et al., 2006; Lu et al., 

2006; Simmons et al., 2007; Chen et al., 2009; Oh et al., 2009; Prabhu et al., 2009; 

Chen et al., 2010b; Ye et al., 2010; Tilib et al., 2013).  A number of these monoclonal 

antibody preparations were reactive to conserved regions of the H5N1 virus strain and 

therefore provided protection from multiple H5N1 virus lineages (Smirnov et al., 2000; 

Throsby et al., 2008; Chen et al., 2009; Prabhu et al., 2009; Sui et al., 2009; Chen et al., 

2010b).  Most recently in response to A(H1N1)pdm09, a suite of antibodies were 

produced, which protect against A(H1N1)pdm09 infection (Kashyap et al., 2010; 

Manicassamy et al., 2010; Medina et al., 2010; Shao et al., 2011; Wrammert et al., 

2011; Fang et al., 2012).  A number of these antibody preparations have focused on 

the similarities between the A(H1N1)pdm09 strain and both H5N1 and 1918 Spanish 

Flu virus strains with preparations being effective against all strains (Manicassamy et 

al., 2010; Medina et al., 2010).  

 

One of the major aims of influenza research is to provide heterosubtypic protection 

and broadly neutralising antibodies which target highly conserved epitopes to bind 

multiple influenza virus strains.  However, this approach can be problematic as binding 

highly conserved regions of influenza viruses may not neutralise the virus.  Anti-NP 

antibodies provide an example of this; while NP is highly conserved within influenza A 

subtypes, anti-NP antibodies do not prevent infection, although passive administration 

of anti-NP monoclonal antibodies has recently been shown to result in faster viral 

clearance (Straight et al., 2008; LaMere et al., 2011).  Protection can also be provided 

by a growing number of cross-reactive antibody preparations, which range in their 

specificity from the globular head of the HA to the NP each providing protection from 

infection (Okuno et al., 1994; Yu et al., 2008; Boon et al., 2010; Krause et al., 2010; 

Wang et al., 2010; Krause et al., 2011; reviewed in Mancini et al. (2011)).   

 

The M2 protein is another attractive target for prevention of influenza virus infections 

as the external section of the protein is highly conserved among all influenza virus 

strains and blocking M2 interferes with virus replication (Neirynck et al., 1999).  Anti-

M2 antibodies have been passively administered prior to influenza virus infection and 
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are effective at preventing/reducing infection (Treanor et al., 1990; Fernandez-Sesma 

et al., 1996; Liu et al., 2003; Liu et al., 2004b; Straight et al., 2008; Wang et al., 2008b; 

Grandea et al., 2010).  However, these results are contrary to Mozdzanowska et al 

(1999) who found them to be ineffective.  A probable explanation for this is that the 

antibody preparations in these experiments targeted different epitopes on the M2 

protein.  

 

NA could also invoke heterosubtypic protection because it is a surface protein involved 

in virus replication which is conserved across strains.  Early work using monoclonal 

antibodies targeting NA was not successful in preventing virus replication (Treanor et 

al., 1990).  In contrast, Sandbutle et al (2007) showed that passive transfer of anti-sera 

from mice immunised with a PR8 strain containing a human N1 which matched the N1 

of the challenge strain protected 6 out of 13 mice from death caused by H5N1 

challenge compared to a survival rate of 1 out of 13 when serum was transferred from 

mice vaccinated with PBS. 

 

Broadly neutralising antibodies can target specific binding sites on HA2, as the amino 

acid sequence of HA2 is conserved more than HA1 (Okuno et al., 1994; Gocník et al., 

2007; Gocník et al., 2008; Throsby et al., 2008; Koudstaal et al., 2009; Sui et al., 2009; 

Friesen et al., 2010).  Antibodies binding to this region can prevent conformational 

changes to the protein required for virus fusion to cells thereby preventing viral entry.  

Gocník et al (2008) engineered strains of influenza virus with HA1 from PR8 (H1N1) and 

HA2 from A/NT60 (H3N2), and the reverse, HA1 from A/NT60 and HA2 from PR8 then 

immunised and challenged mice.  Protection from passive transfer of immune IgG was 

greatest when the HA1 of immunisation and challenge strains matched while, HA2 

matching offered some protection. 

 

Continued research has seen an expansion in the numbers of broadly neutralising 

monoclonal antibodies (recently reviewed in Corti and Lanzavecchia (2013) and 

Laursen and Wilson (2013)).  Sui et al (2009) developed a monoclonal antibody, which 

binds to the fusion peptide on the HA2 which is only exposed during influenza virus 
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fusion.  This antibody bound all influenza A subtypes in vitro, except H3 and H7 strains, 

and in mouse challenge studies was able to prevent death caused by multiple H5 

subtypes.  Another monoclonal, CR6261, which also binds HA2, has been shown to 

neutralise H1, H2, H5, H6 and H9 subtypes and is thought to bind all other subtypes, 

except H3, H7 and H15 (Throsby et al., 2008; Ekiert et al., 2009; Koudstaal et al., 2009; 

Friesen et al., 2010).  CR6261 can protect mice from lethal infection with H5N1 and 

H1N1 virus strains displaying comparable survival rates to prophylactic use of the anti-

viral drug Oseltamivir (Throsby et al., 2008; Koudstaal et al., 2009; Friesen et al., 2010).  

A third monoclonal antibody, which binds HA2 and prevents conformational changes 

to the HA, inhibiting fusion, is C179 (Okuno et al., 1994; Smirnov et al., 2000; Sakabe et 

al., 2010).  Prophylaxis with C179 has protected mice from infection with H1N1, H2N2, 

H5N1 and H5N2 strains (Okuno et al., 1994; Smirnov et al., 2000; Sakabe et al., 2010).  

Further monoclonal antibodies have been isolated which bind to the stem region of 

the HA of the group 2 influenza virus strains thereby preventing virus replication in 

vivo (Ekiert et al., 2011; Friesen et al., 2013).  Although some of these antibodies may 

require Fc-dependent clearance of the virus as modifications to the Fc region reduced 

the protective capacity of one such antibody by 40% (Corti et al., 2011).  Recently, 

DiLillo et al. (2014) compared the mechanisms through which anti-HA1 and HA2 

antibodies act and found that broadly neutralising anti-HA2 antibodies required Fc 

receptor (FcγR) binding by the antibodies was required to control infection.  These 

antibodies were suggested to work by binding HA on the surface of infected cells and 

initiating FcγR-expressing cells to kill the infected cell through antibody-dependent 

cellular cytotoxicity (ADCC).  However, this mechanism is dose dependent with higher 

doses of antibody controlling the infection without the involvement of the FcγR (DiLillo 

et al., 2014). 

 

The globular head of the HA1 has also become a target for broadly neutralising 

antibodies.  Yoshida et al (2009) developed a monoclonal antibody, which binds to the 

head of the HA1 and recognises multiple strains of influenza virus in vitro.  This 

antibody was able to provide in vitro neutralisation against H1, H2, H3, and H13 strains 

while ELISA results showed that the antibody recognised these virus strains in addition 
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to H5 and H9 strains (Lee et al., 2012; Yoshida et al., 2009).  In mouse trials the 

antibody was able to protect when given by intraperitoneal injection 4 hours prior to 

challenge with H1N1 and H3N2 strains by reducing the amount of replicating virus in 

the lungs.  Antibodies which bind to the receptor binding site on the HA1 have been 

shown to bind to many H1N1 strains in vitro (Whittle et al., 2011).  Experimental 

influenza virus infection with both H1 and H3 virus strains was prevented by a 

monoclonal antibody binding to this globular region (Ekiert et al., 2012). 

 

The selection of the antibody preparations, including isotype, polyclonal versus 

monoclonal is influenced by a number of factors.  For example, IgA is the major 

antibody isotype at the mucosal surface of the upper respiratory tract.  However, 

intraperitoneal administration of hemagglutinin specific mouse polymeric IgA (pIgA), 

IgM, IgG1 or IgG2a all reduced lung virus titres but only IgG2a and pIgA prevented viral 

replication in the nasal passage of mice (Mbawquike et al., 1999).  Renegar et al (2004) 

confirmed these results and concluded that IgA is able to protect the upper respiratory 

tract because it is actively transported at the mucosal surface while IgG must move 

down a concentration gradient and consequently higher concentrations of IgG are 

required to be injected to protect the upper respiratory tract.  However, intranasal 

application of the antibodies directly to the mucosal surface reduces the isotype 

differences with anti-influenza IgG preventing virus infection as effectively as the anti-

influenza IgA, while the IgA had superior control of virus replication when delivered by 

IP injection (Seibert et al., 2013).  Intranasal application of the antibodies also requires 

fewer antibodies than intraperitoneal injection to provide the same level of protection 

(Åkerfeldt et al., 1972; Tamura et al., 1991; Sakabe et al., 2010).   

 

The advantage of using monoclonal over polyclonal antibodies is that they are 

consistent and highly specific.  However, as they only bind to a single epitope they are 

highly susceptible to viral escape by mutation (Prabakaran et al., 2009; reviewed in 

Wang and Palese, 2009).  Polyclonal antibodies avoid this pitfall and are also cheaper 

to produce in quantity.  Passive prophylaxis with human polyclonal antibody 

preparations, such as IVIG, has prevented influenza virus infections in animal models 



 

1-40 

 

(Ramisse et al., 1998; Dreffier et al., 2003; Hernandez et al., 2003).  Anti-sera from 

both sheep and horses have been used to increase mouse survival rates during 

influenza virus challenge (Hanson et al., 2006; Lu et al., 2006).  Anti-influenza goat IgG 

applied intranasally resulted in 100% survival rates when treatment was given 

between 2 and 4 days before virus challenge (Wong et al., 1994).  Ng et al (2010) 

demonstrated prophylactic efficacy of bovine antibodies in prevention of influenza 

virus infection using influenza virus-specific polyclonal bovine IgG and F(ab’)2 given 7 

and 3 days before challenge, respectively.   

 

However, the use of heterologous antibodies could cause pathological immune 

responses against the antibody specifically through the activation of Fc-receptors.  

Using whole IgG antibodies there is likely to be an Fc receptor-dependent mechanism 

involved in the passive immune-protection.  In fact, when clearing influenza virus, the 

action of antibodies is in large part Fc-mediated (Huber et al., 2001).  However, using 

the F(ab’)2 portions of the antibodies will reduce immunogenicity while still preventing 

infection.  Both the F(ab’)2 region of polyclonal anti-sera and purified IgG have been 

used to prevent influenza virus infection (Lu et al., 2006; Ng et al., 2010).   

 

1.3.2 Treatment of influenza infection by passive immunotherapy 

Research has shown that passive immunotherapy can treat established influenza virus 

infection (see summary table in Appendix A2).  Initial experiments administering 

influenza virus-specific anti-sera post-infection gave variable results (Kris et al., 1988; 

Scherle et al., 1992).  Kris et al (1988) observed that virus titres declined by 14 days 

post-infection but at 21 days, the titres had risen again.  In contrast, Scherle et al 

(1992) were able to resolve mouse infections without virus detection for up to 75 days.  

These differences are likely to be due to variations in treatment protocols or 

preparation of purified antibodies compared to anti-sera.   

 

Human IVIG products have been found to significantly increase survival rates of mice 

challenged with influenza virus when administered 6 hours after challenge (Åkerfeldt 

et al., 1972).  Furthermore, antibodies have repeatedly been shown to clear influenza 
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virus infection from severe combined immunodeficiency (SCID) mice, which lack an 

adaptive immune system, indicating that antibodies can indeed clear the virus (Scherle 

et al., 1992; Palladino et al., 1995; Mozdzanowska et al., 1997; Mozdzanowska et al., 

1999; Mozdzanowska et al., 2003).  Fang et al (2012) hypothesise that when antibodies 

are present at high enough concentrations, such as with passive immunotherapy, 

cytotoxic T cells are no longer required for virus clearance. 

 

Wong et al (1994) administered anti-H1N1 goat IgG intranasally 4 and 8 hours after 

infection of mice, observed 100% survival, while administration 12 and 16 hours after 

infection increased survival rates to 25% from 0% of PBS controls.  These results 

indicate that the application of antibodies immediately after exposure is more 

effective than later application. Therefore, the timing of the application of the 

antibodies is important for infection resolution (Wang et al., 2008b) and therapeutic 

use of antibodies requires larger quantities of antibodies than prophylactic use 

(Hanson et al., 2006).  

 

The antibody specificity is important when treating influenza virus infection.  Simmons 

et al (2005) used anti-H5 monoclonal antibodies to treat mice with H5N1 virus 

infections, and all but one of their antibodies was able to prevent death when 

administered up to 72 hours after infection.  However, only one of these antibodies 

was cross-reactive preventing death caused by different H5N1 clade strains.  Non-

neutralising M2 specific antibodies have been shown not to resolve infection, while 

anti-HA F(ab’)2 fragments cleared the virus infection (Palladino et al., 1995).  Similarly, 

Mozdzanowska et al (1999) found that non-neutralising M2- and NA-specific 

antibodies, although reducing virus titre did not resolve the infection.   

 

Like universal vaccines, cross-reactive antibodies, which neutralise multiple influenza 

virus strains are the optimal target for antibody therapy of influenza virus infection.  

Many of the cross-reactive antibody preparations used to prophylactically prevent 

influenza virus infections have also been effective at treating established infections 

(Throsby et al., 2008; Koudstaal et al., 2009; Sui et al., 2009; Yoshida et al., 2009; 
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Friesen et al., 2010).  Of specific interest are the results using the broadly cross-

reactive antibody, CR6261, which when given intravenously up to 4 days after 

influenza virus challenge was able to clear virus as effectively as the anti-viral drug 

Oseltamivir (Koudstaal et al., 2009; Friesen et al., 2010).  Similarly, an antibody against 

the antigenic B site of HA1, which binds to multiple influenza virus strains, reduced 

lung virus titres when given 24 hours after challenge (Yoshida et al., 2009). 

 

Continued research has focused on producing antibodies, which can be used to treat 

H5N1 virus infection which is considered a serious potential pandemic threat.  A 

humanized mouse anti-H5 monoclonal antibody was given intravenously and treated 

infection up to 24 hours after virus challenge with four different strains of H5N1 virus 

(Zheng et al., 2011).  A monoclonal antibody against the fusion peptide of H5N1 virus 

was able to reduce mortality rates in mice infected with two strains of H5N1 from 

clades 1.0 and 2.1 (Prabhu et al., 2009).  A human-macaque chimeric monoclonal 

antibody was rapidly produced which increased survival and reduced virus titres 

indicating the possibility of reduced production times for these antibodies during a 

pandemic (Meng et al., 2011). 

 

Recently, with the emergence of A(H1N1)pdm09 influenza virus, the focus has shifted 

with a number of antibodies used to treat infection by this strain of virus (Kashyap et 

al., 2010; Krause et al., 2010; Sakabe et al., 2010).  Two of these antibodies have been 

produced from survivor libraries, including those surviving the 1918 Spanish Flu 

pandemic, which when given 1 day after challenge with A(H1N1)pdm09 cleared the 

virus infection (Kashyap et al., 2010; Krause et al., 2010).  Post-infection treatment of 

A(H1N1)pdm09 and H5N1 virus with the monoclonal C179 was able to control the 

infection when given 24 hours after challenge, although the levels of protection were 

lower than those obtained when C179 was given prophylactically (Sakabe et al., 2010). 

 

Differences have been found in the ability of different antibody isotypes to clear virus 

infection.  Palladino et al (1995) used a monoclonal antibody cocktail which cleared 

virus from SCID mice when administered intraperitoneally up to 7 days post infection.  
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To test whether treatment was antibody isotype-specific, different isotypes binding to 

similar epitopes on the HA were tested.  IgG proved to be the most effective at 

clearing virus.  Reasons suggested for the higher efficacy of IgG include: 1) the 

mechanism is Fc-dependent, 2) IgM and IgA fail to reach the site of infection, and 3) 

the short serum half-lives of IgA and IgM.  However, treatment using anti-HA F(ab’)2 

antibodies cleared the infection Fc-independently, whilst chronic treatment with IgA 

and IgM failed to clear the infection.  Previous results showing that the localised 

protection of upper and lower RT by different isotypes are consistent with the 

conclusion drawn by Palladino et al (1995) that IgA and IgM antibodies fail to reach the 

site of infection (Ramphal et al., 1979; Renegar et al., 2004).  Other researchers have 

confirmed that antibodies can clear influenza virus infection Fc-independently 

(Mozdzanowska et al., 2003; Lu et al., 2006).  However, less whole IgG is required most 

likely due to Fc-dependent phagocytosis aiding virus clearance (Huber et al., 2001).   

 

1.3.3 Control of human influenza virus infections using immunotherapy 

Ethical considerations have led to limited human influenza virus prevention studies, 

although there is evidence that passive immunotherapy can prevent influenza virus 

infection.  Trials administering non-specific IgA intranasally, demonstrated a reduction 

in respiratory infection rates in cross-country skiers compared to those not receiving 

antibody (Hemmingsson and Hammarström, 1993).  Convalescent anti-sera have been 

used as a treatment option during pandemic influenza outbreaks (Luke et al., 2006; 

reviewed in Luke et al., 2010).  Serum from convalescent patients was administered 

throughout the 1918 influenza pandemic using various protocols and preparations.  An 

extensive meta-analysis of published data, indicated that there was a significant 

reduction in the mortality rate in patients receiving anti-sera treatment, reducing the 

mortality rate from 37% to 16% (Luke et al., 2006).  

 

More recently, serum from avian influenza H5N1 virus convalescent patients was used 

to effectively treat a patient infected with H5N1 virus in China (Zhou et al., 2007).  In 

most cases, convalescent serum was used where antivirals drugs had failed.  During 

the swine flu pandemic, administration of convalescent patient plasma reduced the 
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number of deaths and viral loads of individuals in Intensive Care Unit (Hung et al., 

2011).  A recent meta-analysis of the use of convalescent plasma for a range of 

respiratory diseases, including influenza, concluded that convalescent plasma could 

reduce mortality but studies with more stringent controls are required (Mair-Jenkins et 

al., 2015).  However, the use of serum products is problematic as transmission of other 

blood borne infections can occur even with adequate screening.  Also, a limited supply 

of human anti-sera exists and there are significant delays between the onset of virus 

spread and availability of convalescent plasma (reviewed in Leider et al., 2010; Wong 

et al., 2010).  Significantly, a number of monoclonal antibodies are currently 

undergoing clinical trials for their safety for delivery to humans (reviewed in Ye et al., 

2012; NIH Trial, 2012; NIH Trial, 2013).  
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1.4 Interaction of passive immunity and host immune response 

While antibody-based prevention and treatment of influenza virus infections have 

been shown to be a viable avenue for use during an influenza virus pandemic, the 

modifications made to the host immune response consequences upon this treatment 

are unclear.  These investigations are necessary if the treatments are to be used in 

humans, as antibodies may exacerbate the host immune response to the virus.  

Alternatively, passive immunotherapy could be advantageous by preventing severe 

infections while still allowing a host adaptive immune response which is protective 

against future influenza virus exposure (Alisky, 2009).  Minimal investigation has been 

made of both the immune response to the antibody treatments and how the antibody 

treatment affects the innate and adaptive responses within the host to the influenza 

virus infection.   

 

1.4.1 Responses of the host innate immune system 

The immune system within the respiratory tract is set at a fine balance to maintain 

homeostasis and avoid damage from stimuli which are not dangerous (reviewed in 

Minnicozzi et al., 2011).  Assuming antibody-mediated protection occurs with 

sterilising neutralisation preventing virus entry with virus clearance via the mucociliary 

escalator, many of the mechanisms through which the body would normally recognise 

influenza viruses are removed.  Therefore, it is likely that these antibodies may act in 

an immune exclusive way, preventing the virus from interacting with the host immune 

system.  While binding of influenza virus is all that is required to induce a cytokine 

response and not replication (Wang et al., 2008a), the antibody-neutralised virus is 

unlikely to trigger this mechanism for cytokine release as it remains outside the 

epithelial barrier.  This implies that virus control by antibodies may reduce the immune 

response to the virus.  Vaccination studies have shown that when neutralising anti-

influenza virus antibodies are present within horses, subsequent challenge with virus 

produces no change in cytokine levels (Quinlivan et al., 2007).  Similarly, in pigs 

protected by vaccination, only increases in IL-1 and IL-18 followed upon challenge with 

influenza virus (Van Reeth et al., 2002).  More recently, the vaccination of mice with 

live attenuated influenza virus (LAIV) was shown to reduce the pro-inflammatory 
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cytokine and chemokine production when mice were subsequently challenged with a 

heterosubtypic strain of virus even though there was virus replication (Lanthier et al., 

2011).  Cytokine responses are largely responsible for many of the clinical symptoms 

that are seen with influenza virus infections; previous research has shown that 

antibodies reduce clinical symptoms of influenza virus infection.  Therefore, it is 

possible to infer that cytokine responses have been reduced in animals with reduced 

clinical symptoms.   

 

Histopathological analysis of lungs from mice protected from influenza virus infection 

have shown similar architecture to those of normal mice (Prabhu et al., 2009; Wang et 

al., 2008b).  Significantly, these mice have little or no increase in the cell density within 

their lungs compared to the PBS controls which have increased lung cell infiltration 

and haemorrhage.  Taken together these results suggest that antibody virus exclusion 

reduces the host immune response to influenza virus infection.     

 

However, immune complex formation within the lung has been shown to produce a 

strong increase in neutrophils associated with increased lung damage (Guo and Ward, 

2002; Gao et al., 2006).  IgG-immune complexes within the lung result in the 

production of pro-inflammatory cytokines TNF-α, IL-1 and IL-18 (Guo and Ward, 2002).  

Immune complexes between influenza virus and antibodies have been found to form 

during the course of influenza virus infection (Astry and Jakab, 1984).  Significantly, 

histological studies of people who died subsequent to A(H1N1)pdm09 infection found 

increases in the amount of immune complexes within the lungs (Monsalvo et al., 

2011).  Therefore, it is possible that an immune complex induced response will occur 

during prophylactic antibody treatment of influenza virus infections if complexes form.  

 

1.4.2 Responses of the host adaptive immune system 

While the innate immune response will likely be reduced during immune exclusion, 

there are a number of reasons why an adaptive immune response could still be 

produced.  Firstly, complete neutralisation is unlikely to prevent virus being processed 

by APC, for example, antibody mediated-phagocytosis can lead to production of anti-



 

1-47 

 

influenza virus-specific antibodies, as during homeostasis DC continue to sample the 

airways (reviewed in Vermaelen and Pauwels, 2005; Minnicozzi et al., 2011).  While 

minimal research has looked at the antiviral response during immunoprophylaxis, anti-

IgY antibodies have been detected in the serum of mice after they were protected 

from influenza virus infection with anti-influenza virus-specific IgY antibodies (Nguyen 

et al., 2010).  Co-administration of influenza virus with a non-immunogenic protein can 

produce a stronger immune response against the innocuous protein (Brimnes et al., 

2003; Al-Garawi et al., 2009).  Secondly, in Fc receptor knockout mice, it has been 

shown that Fc-dependent actions of antibodies are important for the resolution of 

influenza virus infection (Huber et al., 2001).  The Fc-dependent phagocytosis of 

antibody opsonised virus by cells such as alveolar macrophages could result in the 

production of a humoral antibody response to the virus.  With the likelihood of 

reduced levels of innate cytokines occurring during immune exclusion, there may be a 

reduction in the levels of anti-influenza antibodies produced as early cytokines 

normally drive the antibody response (Coro et al., 2006; Chang et al., 2007).  

 

The T cell response may be reduced to a similar extent as the cytokine response.  

Specifically, if immune exclusion prevents virus uptake and processing by antigen 

presenting cells then stimulation of naive T cells will not occur.  By excluding the virus 

from cells of the respiratory tract if then clearance of the virus and antibodies by the 

mucociliary escalator occurs, the virus will not be exposed to the APC which stimulate 

T cell activation. 
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1.5  Conclusion  

The influenza virus is a serious pathogen, which circulates throughout the world and 

inevitably poses the threat of an emerging pandemic.  During a pandemic, vaccination 

and antiviral drug use may not be effective at controlling the virus due to time 

constraints, limitations to production capacity and specificity to the pandemic strain.  

Adjuncts or alternative to these control methods need to be investigated with the aim 

to increase the levels of protection during a pandemic.  Passive immunisation with 

antibodies has been shown in animal models of influenza virus infection to successfully 

prevent and treat influenza.  During some human pandemics, convalescent serum has 

been a valuable tool in reducing mortality.  Furthermore, bulk antibody production 

methods enable the development of a potential cost-effective adjunct to vaccination 

and antiviral drugs during a pandemic. 

 

Little research has been undertaken to look at the interactions that passively acquired 

virus-specific antibodies have with the host immune system.  While antibody-mediated 

Fc phagocytosis has been shown to be important for clearance of influenza virus, the 

mechanism of action of foreign antibodies passively delivered intranasally are not 

clear.  Basic understanding of these mechanisms is important for translation to the 

clinical setting to protect and treat human influenza virus infections.   
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1.6  Aims 

It is hypothesised  that anti-influenza virus antibodies delivered via the intranasal route 

will reduce or abrogate virus infection in a mouse model resulting in immune exclusion 

of the virus and that this process will concurrently modify the innate immune response 

normally induced by the invading virus. 

Specific objectives: 

1) To produce a range of viral antigens. 

2) To investigate the immunogenicity of the above antigens in ruminants with 

the objective of raising effective antibody preparations for experimental use 

in controlling influenza virus infection in a mouse model. 

3) To investigate the role of antibody virus neutralisation in controlling 

experimental influenza virus infection: 

     i) To explore dose/response relationships between antibody versus 

standardised viral challenge. 

       ii)  To examine the duration of the functional protective effect of ruminant 

polyclonal antibody in the respiratory tract. 

4) To study the dynamics of virus replication in the respiratory tract of mice as 

influenced by passive ruminant antibody. 

5) To investigate the host immune response, both innate and adaptive, to viral 

antigens and its modification by passively administered ruminant polyclonal 

antibody. 

 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2 

Materials and Methods 

 

  



 

2-2 
 

2.1 Materials 

2.1.1 Animals 

All mouse experiments were performed at Murdoch University (WA, Australia) where 

the animals were housed under a 12 hour: 12 hour light-dark cycle with access to food 

and water ad labium.  The experiments were performed with animal ethics approval 

from Murdoch University (Permit number R2229/09) and the University of Western 

Australia (Permit number RA/3/100/891).  Six to ten week old certified specific 

pathogen-free female BALB/c mice were used throughout these experiments and were 

obtained from the Animal Resource Centre (Murdoch, Western Australia). 

 

Sheep from the Murdoch University Veterinary Farm (Permit number R2178/08) were 

inoculated at the site to induce the antibodies used in this study; the sheep had access 

to food and water ad labium.   

 

2.1.2 Virus 

Influenza A/Puerto Rico/8/34 (A/PR8) American Tissue Culture Collection  

(H1N1) (ATCC), Rockville, MD, USA. 

Encephalomyocarditis virus (EMCV) Professor G. Shellam, University of 

Western Australia, Crawley, WA. 

 

2.1.3 Cells 

Madin Darby Canine Kidney cells (MDCK) Professor C. Berry, Murdoch University, 

Murdoch, WA. 

COS-7 monkey kidney cells Professor P. Klinken, University of 

Western Australia, Crawley, WA. 

L929 murine fibroblast cells Dr A. Redwood, University of Western 

Australia, Crawley, WA. 

Competent Cells (E. coli, DH5α) Professor C. Berry, Murdoch University, 

Murdoch, WA. 

 

2.1.4 DNA plasmid 

HA DNA plasmid (pkCMVint.HA) Dr S. Epstein, Food and Drug 

Administration, Rockville, MD, USA. 



 

2-3 
 

2.1.5 Reagents List 

4-Nitrophenyl phosphate disodium   

salt hexahydrate (PNPP) Fluka, Switzerland. 

Anti-HA agarose Sigma, MO, USA.  

Antibodies: 

Anti-mouse AP conjugate Promega, WI, USA. 

Donkey anti-goat IgG AP conjugate Promega, WI, USA. 

Hyper-immune anti-influenza virus Professor C. Berry,    

mouse serum      Murdoch University, Murdoch, WA. 

Rabbit anti-mouse IgG (h+l) Bethyl, TX, USA. 

AP conjugate 

Sheep IgG Abcam, MA, USA. 

Bactotryptone BD, MD, USA. 

N,N-bis(2-hydroxyethyl)-2- Sigma, MO, USA. 

aminoethanesulfonic acid (BES)  

Bio-Rad Protein Assay Dye Bio-Rad, CA, USA.  

CytodexTM 1 Microcarrier Beads GE Healthcare, Uppsala, Sweden. 

Cytokine Bead Array kits: IL-1β, IL-1β, IL-6,  

IL-10, IL-12/IL-23p40, TNF-α, IFN-ɣ BD, MD, USA. 

and KC 

Detoxi-GelTM columns  Thermo Scientific, Rockford, USA. 

Diethanolamine Sigma, MO, USA. 

Dimethyl Sulfoxide (DMSO) Merck, VIX, Australia. 

Dulbecco's Modified Eagle’s Medium Sigma, MO, USA. 

(DMEM) 

ELISA kits: 

IFN-α PBL Interferon Source, NJ, USA. 

IFN-β PBL Interferon Source, NJ, USA. 

IFN-λ PBL Interferon Source, NJ, USA. 

Fetal Calf Serum (FCS) Gibco, Auckland, NZ. 

Fetuin Sigma, MO, USA. 

Formaldehyde Sigma, MO, USA. 

Glucose AnalaR, VIC, Australia. 
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Glycerol Biolab, VIC, Australia. 

Glycine Chem-Supply, SA, Australia. 

Halothane Pharmachem, QLD, Australia. 

L-Glutamine (100X) Sigma, MO, USA. 

Kanamycin Sigma, MO, USA. 

Orthophosphoric acid Ajax Chemicals, NSW, Australia. 

Ovalbumin (OVA) Sigma, MO, USA. 

PBS (sterile) for cell culture Sigma, MO, USA. 

Dulbecco `A’ Tablets (tablets) Oxoid, Hampshire, ENG. 

Penicillin/Streptomycin (100X) Sigma, MO, USA. 

Phenylmethylsulfonyl Fluoride (PMSF) Sigma, MO, USA. 

Protein G  GE Healthcare, Uppsala, Sweden. 

Methoxyfluorane Medical developments international, 

Springvale, Australia. 

Di-Sodium Hydrogen Phosphate (Na2HPO4) Merck, VIC, Australia. 

Sigmacote Sigma, MO, USA. 

Sodium (meta)Arsenite Sigma, MO, USA.  

Sodium Dodecyl Sulphate (SDS) BDH, Poole, England. 

Sodium Deoxycholate Sigma, MO, USA. 

Sodium Dihydrogen Orthophosphate Biolab, VIC, Australia. 

Sodium Periodate Sigma, MO, USA. 

Sodium Sulphate anhydrous Rowe, WA, Australia. 

Sucrose Ajax finechem, WA, Australia. 

Sulphuric Acid Ajax finechem, WA, Australia. 

Thiobarbituric acid Sigma, MO, USA. 

Titermax© Gold CytRx Corporation, GA, USA. 

Triton X-100 Sigma, MO, USA.  

Trypan Blue Koch-Light Laboratories, Suffolk, ENG. 

Trypsin Sigma, MO, USA. 

Tryptone Oxoid, Hampshire, ENG. 

Tween-20 Sigma, MO, USA.  

Universal IFN standard PBL Interferon Source, NJ, USA. 

Valabarb® Jurox, NSW, Australia.  
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XhoI Restriction Enzyme Promega, WI, USA. 

Yeast Extract BD, MD, USA. 

 

2.1.6 Materials and Equipment 

Allegra X-15R Centrifuge Beckman-Coulter, NSW, Australia. 

Amicon ultrafiltration membrane  Millipore, Cork, Ireland. 

(10kDa, 50kDa, 100kDa)  

AP conjugate substrate development kit Bio-Rad, CA, USA. 

Beckman L-90 Ultracentrifuge  Beckman-Coulter, NSW, Australia. 

Bio-Rad BioLogic LP fractionator  Bio-Rad, CA, USA. 

BioLogic BioFrac fraction collector  Bio-Rad, CA, USA. 

Braided suture silk 3/0  B. Braun, Tuttlingen, Germany. 

Chromatography Columns GE Healthcare, Uppsala, Sweden. 

Cyrovials Nunc, Denmark. 

Dialysis membrane (12kDa to 14kDa)   Union Carbide Corporation, IL, USA. 

Double hub 18G Cole-Palmer, USA. 

ELISA Plates (Medium, High Binding) Greiner bio-one, Germany. 

Flurotect Mark 2 Halothane dispenser  Cyprane Ltd., Keighley, UK. 

Glass Syringes Cadence Science Inc., USA. 

Microplate Reader Bio-Rad, CA, USA. 

NanodropTM 1000 Thermo Fisher scientific, DE, USA. 

Needles (19G, 27 1/2G) BD, MD, USA. 

Nitrocellulose Membrane Bio-Rad, CA, USA.  

Plasmid extraction Giga kit Qiagen, Maryland, USA. 

Polyethylene tube (1.27 x 0.86mm)  Microtube Extrusions, NSW, Australia. 

PrecisionglideTM needle  BD, MD, USA. 

Sterile round-bottom tube (12 x 75mm)  Falcon, MD, USA. 

Syringes Thermo Medical Corporation, USA. 

Syringe filters (0.22µm, 0.44µm, 0.8µm) Pall, MI, USA. 

Tissue Culture Flasks (75cm2, 25cm2) Falcon, MD, USA. 

Tissue Culture Plates (96 well) Greiner bio-one, Germany. 

Tissue Homogeniser(Ultraturex) IKA® Works, Germany. 

U-bottom 96 well plates Falcon, MD, USA. 
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Vacuette® tube Greiner bio-one, Germany. 

Western Cassette Bio-Rad, CA, USA. 

   

2.1.7 Buffers and Solutions  

i) Cell Culture 

Dulbecco's Modified Eagle’s 1XDMEM supplemented with 1X L- 

Medium (DMEM) glutamine and 1X Penicillin/Streptomycin. 

Trypsin-EDTA (TE) 0.5% Trypsin; 0.2% EDTA; in Sterile PBS. 

 

ii) Sucrose Gradient 

PBS 0.01M Sodium Phosphate 

(NaH2PO4.2H2O); 0.14M Sodium Chloride 

(NaCl), pH 7.0. 

Sodium Acetate 0.05M Sodium Acetate; 2mM Calcium 

Chloride, pH 7.0; 0.2mM EDTA.  

 

iii) NA assay 

0.4M Phosphate Buffer 19mL 0.4M Disodium Hydrogen 

Orthophosphate; 81mL 0.4M Sodium 

Dihydrogen Orthophosphate, pH 5.9; 

6mM CaCl2. 

Fetuin Reagent Fetuin 500mg/20mL sterile H2O; Add 

equal volume of 0.4M Phosphate Buffer. 

Periodate reagent 4.28g of Sodium Periodate in 38ml of 

H2O; Add 62ml of orthophosphoric acid. 

Arsenite reagent 5g of Sodium Arsenite in 10ml of H2O; 

Add 150µL of Sulphuric acid. 

Thiobarbituric acid 1.2g of thiobarbituric acid; 14.2g of 

anhydrous Sodium Sulphate in 200ml of 

H2O. 
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iv) Plasmid Preparation 

SOC Broth 20g Bactotryptone; 5g Yeast Extract; 0.5g 

NaCl; 10mL 250mM KCl; pH 7.0 in 1L H2O, 

prior to use add 5mL filter-sterilised 2M 

MgCl2 and 1M Glucose to a final 

concentration of 20mM. 

Kanamycin plates 10g Tryptone, 5g Yeast, 10g NaCl, 

10µg/mL Kanamycin, 1L H2O, pH 7.0. 

Terrific broth 12g Tryptone, 24g Yeast, 4mL Glycerol, 

12.54g K2HPO4, 2.31g KH2PO4, 10µg/mL 

Kanamycin. 

BES-Buffered solution (BBS) (2x)  50mM N,N-bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid (BES); 280mM 

NaCl; 1.5mM Na2HPO4; pH 6.95. 

 

v) SDS-Page 

Running Buffer (10X) 30.3g Tris; 144g Glycine; 10g SDS; 1L H2O. 

Sample Loading Buffer  2.9mL H2O; 1mL 0.5M Tris-HCl, pH 6.8; 

(non-reducing) 2mL Glycerol; 1.6mL 10% SDS; 0.1mL 1% 

Bromophenol Blue. 

Sample Loading Buffer  2.9mL H2O; 1mL 0.5M Tris-HCl, pH 6.8; 

(reducing) 2mL Glycerol; 1.6mL 10% SDS; 0.1mL 1% 

Bromophenol Blue; 0.4mL 2- 

Mercaptoethanol. 

Stain 400mL Methanol; 100mL Acetic Acid; 1g 

Coomassie Blue; 500mL H2O.  

Destain 400mL Methanol; 100mL Acetic Acid; 

500mL H2O.  

 

vi) ELISA 

Carbonate Coating Buffer 2.21g Sodium Carbonate, 2.52g Sodium 

Bicarbonate, 500mL H2O, pH9.6. 
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Diethanolamine buffer  48.5mL Diethanolamine; 400mL H2O, pH 

9.8; MgCl2 to 0.5mM; final volume to 

500mL H2O. 

PNPP 4-Nitrophenyl Phosphate Disodium salt 

hexahydrate 

PBS (10X) 16.7g Na2HPO4, 5.7g NaH2PO4, NaCl, 1L 

H2O. 

 

vii) Western Blotting 

Transfer buffer (5X) 60.54g Tris; 288.4g Glycine; in 4L H2O. 

Dilute to 1X in 20% Methanol. 

TBST (5X) 120g NaCl; 300ml of 1M Tris, pH 7.5; 

15ml Tween-20; 3L H2O. 

 

viii) IgG Purification using Protein G 

Phosphate Buffered Saline 1X Dulbecco `A’ Tablets, pH 7.3; Sodium 

chloride 8g/L, Potassium chloride 0.2g/L, 

Disodium hydrogen phosphate 1.15g/L, 

Potassium dihydrogen phosphate 0.2g/L. 

Elution Buffer  0.1M Glycine, pH 2-3. 

Neutralisation Buffer  1M Tris, pH 7.5 – 9. 
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2.2 Methods 

2.2.1 Cell Lines 

Madin Darby Canine Kidney (MDCK) and COS-7 cells were obtained from Professor 

Cassandra Berry and L929 fibroblasts were obtained from Dr Alec Redwood.  Frozen 

cells were stored in liquid nitrogen. To resuscitate the cell line, an aliquot was thawed 

rapidly and added to 5mL of pre-warmed Dulbecco's Modified Eagle’s Medium 

(DMEM)-10% Heat-inactivated Fetal Calf Serum (FCS) supplemented with 

penicillin/streptomycin.  The cells were centrifuged at 200xg for 10 minutes, the 

supernatant was discarded and cells were resuspended in DMEM-10% FCS and 1mL 

was added to a 75cm2 tissue culture flask containing 10mL of DMEM-10% FCS.  Flasks 

were incubated at 37oC/5% CO2 until confluent.  Cells were passaged using trypsin-

EDTA (TE) after washing twice with PBS; 2mL of TE was added and incubated at 37oC 

for 5 to 20 minutes.  The activity of the trypsin was stopped by adding 10mL of DMEM-

10% FCS, and the cell suspension centrifuged at 200xg for 5 minutes to pellet the cells.  

The cells were resuspended in approximately 3mL of DMEM-10% FCS and 1mL of cells 

was transferred to a new flask containing DMEM-10% FCS and incubated at 37oC/5% 

CO2.  To freeze cells they were first trypsinised and after centrifuging at 200xg for 5 

minutes, equal volumes of DMEM-20% FCS and DMEM-20% Dimethyl Sulfoxide 

(DMSO) were added drop wise.  Aliquots of cell suspension (1mL) were kept at –80oC 

for 24 hours before being stored in liquid nitrogen. 

 

Cell viability was determined by trypan blue exclusion, cell suspensions were diluted in 

0.4% Trypan Blue in 1X PBS, pH 7.3 for total viable cell counts using a cell 

hemocytometer and compound light microscope.  Cells were counted from within 4 or 

5 of the large squares and the number of cells/mL was determined by averaging the 

number of cells counted then multiplying by the dilution factor x 104 (Figure 2.1). 
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Figure 2.1 Schematic of the hemocytometer used for cell viability counts.  Cell 

viability was determined by trypan blue exclusion, cells were diluted in 

0.4% Trypan Blue.  Cells were counted from within 4 or 5 of the large 

corner and middle square, highlighted in the shaded area above.  The 

number of cells/mL was determined by averaging the number of cells 

counted then multiplying by the dilution factor x 104. 

 

 

 

 

 

 

 

  

1mm 

Shaded area is 

one ‘cell’ 
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2.2.2 Virus 

Influenza A/PR/8/34 (A/PR8) (H1N1) was obtained from Professor Cassandra Berry 

(originally obtained from the American Type Culture Collection, MD, USA) and 

propagated in the MDCK cell line.  To grow the virus a confluent MDCK cell monolayer 

in a 75cm2 tissue culture flask was washed twice with PBS and 250µL influenza A/PR8 

was added, followed by 5mL of DMEM-0.5% FCS with 5µg/mL trypsin and incubated 

for 3 days at 37oC/5% CO2.  Virus growth was assessed through the observation of the 

cytopathic effect (CPE) of the virus which resulted in cell death of the infected cells.  

The cell supernatant was collected and centrifuged at 4,250xg for 10 minutes then 

stored at –80oC.  For antigen preparation bulk culture of influenza virus was performed 

by growing MDCK cells in 500mL of DMEM-2% FCS containing 3g/L Cytodex 1TM 

microcarrier beads in a 2L siliconised flask with shaking (modified from Tree et al., 

2001).  At confluency, cells were washed twice with PBS and infected with 1mL of 

influenza A/PR8 in 100mL of DMEM-0.5% FCS with 5µg/mL trypsin.  After 3 days the 

supernatant was collected and centrifuged at 2,850xg for 10 minutes to remove the 

microcarriers and cell debris.  Mock-infected cell culture supernatant was produced by 

collecting the supernatant from a 75cm2 flask containing MDCK cells, which had been 

cultured for 3 days.   

 

Encephalomyocarditis virus (EMCV) was originally obtained from Professor Geoffrey 

Shellam and propagated in the L929 cell line.  A confluent monolayer of L929 cells 

(75cm2 flask) was washed twice with PBS and 3mL of DMEM-10% FCS containing 100µL 

of EMCV stock was added.  The flask was incubated overnight at 37oC with 5% CO2.  

The supernatant was collected and centrifuged at 800xg for 10 minutes.  The 

supernatant was then aliquoted and store at -80oC.   

 

2.2.3 Virus titre 

The 50% Tissue Culture Infective Dose (TCID50) was determined by seeding 100µL of 

1x105 MDCK cells/mL into a 96 well tissue culture plate and incubating at 37oC/5% CO2 

until confluent.  Cells were washed twice with PBS and serial dilutions in 100µL DMEM-

0.5%FCS with 5µg/mL Trypsin of influenza A/PR8 virus samples were added.  Plates 

were incubated at 37oC/5% CO2 for 72 hours and CPE was scored.  The wells were 

scored as positive or negative for CPE by observing cell death by comparing the 
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infected wells to uninfected control wells.  The TCID50 was then calculated according to 

the Reed and Muench method as previously described (Reed and Muench, 1938).  

 

2.2.4 Sucrose gradient purification of influenza virus 

Virus was purified using a sucrose gradient modified from Johansson et al (1989) as 

follows.  The supernatant from bulk culture of influenza A/PR8 virus-infected MDCK 

cells was filtered through 0.8µm syringe filters and concentrated on 10kDa cut-off 

Amicon ultrafiltration membrane.  Concentrated cell culture supernatant was 

centrifuged in a Beckman L-90 ultracentrifuge with SW40Ti swinging rotor at 

114,000xg and 4oC for 90 minutes.  The supernatant was discarded and the pellet was 

resuspended in 1mL of PBS and layered on a discontinuous 30%-60% sucrose gradient 

then ultracentrifuged at 114,000xg and 4oC for 90 minutes. The virus was collected 

from the interface between the 30% and 60% sucrose layers, diluted in PBS, and 

ultracentrifuged at 114,000xg and 4oC for 90 minutes.  The pellet containing the virus 

was resuspended in 1mL of sodium acetate buffer by refluxing through a 19-gauge 

needle.   

 

2.2.5 Formaldehyde inactivation of influenza virus 

The influenza A/PR8 virus-containing supernatant was mixed with 1% formaldehyde, 

which was added to a final concentration of 0.1% and incubated with stirring at 37oC 

for 65 hours.  The supernatant was collected after centrifugation at 5,250xg for 5 

minutes and stored at 4oC.   

 

2.2.6 Preparation of DNA plasmid antigen for influenza virus  

A DNA plasmid containing the full-length HA sequence of influenza A/PR8 virus 

encoded within a mammalian expression vector from Vical Inc., CA, USA 

(pkCMVint.HA) was obtained from Professor Cassandra Berry (originally obtained from 

Dr Suzanne Epstein, Food and Drug Authority, National Institutes of Health, MD, USA).  

The vector contains the human CMV immediate-early (IE-1) gene enhancer/promoter 

and intron A and the SV40 poly(A) signal (Yeow et al., 1998).  

 

The plasmid was grown in competent cells (E. coli, DH5α) by thawing and aliquoting 

50µL of the cells into Eppendorf tubes on ice.  DNA plasmid (10µg) was added and 
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incubated on ice for 30 minutes.  Cells were heat shocked without agitation at 42oC for 

30 seconds, returned to ice for 2 minutes and 450µL of SOC broth was added and 

incubated at 37oC for 60 minutes with vigorous shaking to produce the transformation 

mixture.  Transformation mixture (25µL) was plated onto Nutrient agar plates 

containing Kanamycin (10µg/mL) and incubated overnight at 37oC.  Growth was scaled 

up by inoculating 500mL of Terrific Broth containing Kanamycin (10µg/mL) with 

colonies from the plates and incubating overnight at 37oC with shaking.  Bacteria were 

pelleted by centrifuging at 2,850xg for 10 minutes.  The plasmid was extracted using 

Qiagen Plasmid extraction Giga Kit as per the manufacturer’s instructions provided 

with the kit.  The DNA plasmid was checked to contain the insertion by digestion with 

XhoI restriction enzyme for 4 hours at 37oC, and then run on a 1% agarose gel.  The 

concentration of the DNA plasmid was assessed by measuring absorbance at a 

wavelength of 260nm with a Nanodrop N-1000 spectrophotometer.   

 

2.2.7 Recombinant HA production and purification 

COS-7 cells were calcium phosphate transfected with the pkCMVint.HA plasmid to 

produce the recombinant HA (rHA).  DNA plasmid (5-20µg) was added to 0.5mL of 

0.25M CaCl2, mixed and slowly added drop wise to 0.5mL 2x BES-Buffered solution 

(BBS) with aeration.  This solution was incubated at room temperature for 10 minutes 

and then sprinkled over a confluent layer of COS-7 cells and incubated overnight at 

37oC/5%CO2.  The next day the cells were washed twice with DMEM-10% FCS and 

incubated at 37oC/5%CO2 for 48 hours when the supernatant was collected. 

 

The commercial anti-HA agarose, which recognises the a.a. 98-106 sequence of HA, 

was prepared by washing 3 times with 5mL of 0.1M Glycine-HCl, pH 2.5, and then 

washing 3 times with PBS.  Supernatant from COS-7 transfected cells was buffer 

exchanged into PBS using 50kDa cut-off Amicon ultrafiltration membrane and 1.5mL 

volume was added and incubated for 1 hour at 4oC.  The agarose was centrifuged at 

233xg for 5 minutes and supernatant was collected (termed flow through).  To elute 

the protein 1mL of 0.1M Glycine-HCl, pH 2.5, was added, mixed then centrifuged at 

233xg for 5 minutes and the supernatant collected.  This elution sequence was 

repeated 10 times.  Fractions were buffer-exchanged into PBS using Amicon 

ultrafiltration membrane. 
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2.2.8 Antigen Production  

i) Inactivated virus culture supernatant (IVCS) 

The inactivated virus culture supernatant was produced by formaldehyde inactivation 

of approximately 22.5mL of cell culture supernatant containing influenza virus (as 

described in 2.2.4).  Each dose of inactivated virus culture supernatant inoculation 

dose contained approximately 0.3mg/mL of protein.  

 

ii) Concentrated Inactivated virus culture supernatant (CIVCS) 

To produce the concentrated inactivated virus culture supernatant, 30mL of cell 

culture supernatant containing influenza virus was inactivated with 3mL of 1% 

formaldehyde (as described in 2.2.4).  After centrifuging, the supernatant was then 

concentrated on a 10kDa cut-off Amicon ultrafiltration membrane to 2mL and finally 

diluted to 5mL in sterile PBS before inoculum preparation.  Each inoculation dose of 

the concentrated inactivated virus culture supernatant contained approximately 

0.7mg/mL of protein.   

 

iii) Purified Split Virus  

Influenza A/PR8 virus was sucrose gradient purified from approximately 400mL of 

tissue culture supernatant containing influenza A/PR8 virus grown using microcarrier 

beads (as described in 2.2.3).  This produced 2mL of concentrated virus suspension 

which was detergent disrupted with addition of 20µL of Triton X-100 and incubated 

overnight at 4oC.  Finally, the 2mL volume of this suspension was expanded to 5mL in 

sterile PBS for inoculum preparation.  Each inoculation dose contained approximately 

0.28mg/mL of protein. 

 

iv) Recombinant HA (rHA) 

rHA purification was attempted by absorbance onto anti-HA agarose from 10mL of 

COS-7 transfected  cell supernatant (as described in 2.2.6).  The first elution fraction 

(1mL) from the anti-HA agarose was diluted to 5mL with PCR grade water before 

inoculum preparation.  Each inoculation dose contained approximately 0.2mg/mL of 

protein. 
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v) DNA plasmid  

Approximately 10g of transformed bacteria was pelleted from 1L of Terrific broth 

culture and purified with the Qiagen giga kit (as described in 2.2.5).  This resulted in 

the production of 1mL of DNA plasmid in water at a concentration of 6mg/mL as 

measured by Nanodrop N-1000 spectrophotometer.  The DNA plasmid was diluted to 

1mg/mL with PCR grade water before inoculation. 

 

2.2.9 Inoculation Preparation 

Titermax© Gold was removed from storage at 4oC and vortexed for 30 seconds then 

allowed to equilibrate to room temperature.  The antigen was mixed with an equal 

volume of Titermax© Gold (0.5mL of both per dose) through a double hub 18 gauge 

needle attached to two glass syringes.  The emulsification was checked by adding a 

drop to a dish of water.  If the drop did not separate, then the inoculum was 

sufficiently emulsified, if not, emulsification was continued.   

 

2.2.10 Sheep Inoculation and Sample Collection 

A number of inoculation protocols were used for the different antigen preparations 

(Figure 3.1).  For all antigens lactating ewes (Ovis aries) were inoculated with 1mL 

inoculum into the gluteal muscle mass of the hind leg.  The ewes inoculated with the 

inactivated virus culture supernatant antigen were injected on day 0 and boosted on 

days 14 and 21.  The ewes inoculated with the split purified influenza virus, 

concentrated inactivated virus culture supernatant and rHA antigens were injected on 

day 0 and boosted on day 14 and 28.  The protocol for the DNA plasmid prime-rHA 

boost was that the ewes were given a plasmid prime on day 0 followed by two boost 

injections with 1mg/mL of DNA plasmid on days 14 and 28.  DNA plasmid was 

delivered without adjuvant and small doses (approximately 200µL) were injected into 

adjacent areas of the hind leg gluteal muscle mass.  The DNA plasmid injections were 

followed by a single protein boost two weeks after the final DNA plasmid boost.   

 

Pre-inoculation bleeds of 10mL and milk samples (approximately 30 mL) were 

collected prior to primary inoculation.  Prior to each inoculation boost small test bleeds 

of 10mL and milk samples of approximately 30mL were collected.  Pre-bleeds and test 

bleeds were collected using a 18 gauge PrecisionglideTM needle and 8mL serum clot 
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activator vacuette® tube from the jugular vein in the neck of the sheep.  Bulk collection 

of milk required that the ewes be separated from their lambs for a few hours before 

milking after which between 50mL and 150mL of milk was collected in 50mL centrifuge 

tubes.  Bulk bleeds were taken by drawing 50mL of blood in a 60mL syringe through an 

18 gauge needle from the jugular vein in the neck of the ewes.  The blood was then 

transferred into 8mL serum clot activator vacuette® tubes. 

 

2.2.11 Sheep sample treatment 

i) Whey  

Whole milk was centrifuged at 520xg for 20 minutes at 4oC to separate the fat.  The 

milk portion under the fat layer was collected and 20μL of 200mg/mL Rennet was 

added and mixed.  The milk was incubated at 37oC until the casein precipitated and 

was centrifuged at 5,250xg for 20 minutes at 4oC.  The supernatant was collected and 

stored at -20oC. 

 

ii) Serum  

The vacuette® tubes were left at room temperature for a minimum of 1 hour to allow 

the blood to clot and then centrifuged at 5,250xg for 20 minutes.  The supernatant was 

collected and stored at -20oC. 

  

2.2.12 Hemagglutination assay 

The hemagglutination assay (HA) was used as described by the World Health 

Organisation (WHO, 2002).  Briefly, 25μL of PBS/0.1% FCS was added to a U-bottom 

micro-titre plate and the virus or HA containing fractions were serially diluted across 

the plate. 25μL of PBS/0.1% FCS was added to each well followed by 25μL of 1% 

chicken red blood cells (RBC) and the plates shaken to mix.  The plates were incubated 

at 4oC for 60 minutes and scored for hemagglutination.  A hemagglutination unit (HAU) 

was defined as the reciprocal of the last dilution to provide complete hemagglutination 

of the RBC. 

 

2.2.13 Hemagglutination inhibition (HAI) assay 

Serum samples were treated with receptor destroying enzyme (RDE) to remove non-

specific inhibitory agents (Subbarao et al., 1992).  To do this, 90μL of RDE was added to 
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30μL of sample and incubated overnight at 37oC in a water bath.  The temperature was 

increased to 56oC for 30 minutes to inactivate the enzyme and 180μL of PBS was 

added to produce a 1 in 10 dilution of the serum.  To each well of a U-bottom plate 

50μL of PBS/0.1% FCS was added and the serum serially diluted across the plate.  Four 

HAU of influenza A/PR8 virus in 25μL of PBS/0.1% FCS was added. The plate was 

incubated at room temperature for 30 minutes after which 25μL of 1% chicken RBC in 

PBS/0.1% FCS was added and mixed.  The plate was incubated at 4oC for 60 minutes 

after which hemagglutination was scored by tilting to 45o to check for streaming.  The 

endpoint was defined as the last dilution of serum which completely inhibited 

hemagglutination. 

 

2.2.14 Neuraminidase assay 

A micro-neuraminidase assay as described by Van Deusen et al (1983) modified from 

Aymard-Henry et al (1973) was used.  Briefly, 25μL of each 0.4M Phosphate Buffer, 

sample and Fetuin reagent were added to a 96 well tissue culture plate and incubated 

at 37oC for 3 hours.  Following the incubation, 25μL of Periodate Reagent was added 

and the plates further incubated at room temperature for 20 minutes.  Then 25μL of 

Arsenite Reagent was added and mixed until the dark brown colour changed to a 

yellow colour.  Next 100μL of Thiobarbituric acid reagent was added and covered with 

sticky tape through which holes were made to allow for the expansion of air.  The plate 

was incubated in a water bath at 56oC for 1 hour and wells were scored for NA activity.  

Neuraminidase activity was indicated by a change of the solution to pink.  

 

2.2.15 Neuraminidase inhibition (NAI) assay 

To a 96 well tissue culture plate 25µL of anti-serum and 25µL of a 1 in 2 dilution of 

influenza A/PR8 virus (HAU of 64) was added and incubated at room temperature for 1 

hour.  The protocol was continued as per the neuraminidase assay (see section 2.2.14). 

 

2.2.16 Microneutralisation (MN) Assay 

Serum and whey samples were inactivated by heating to 56oC for 30 minutes.  Anti-

serum was diluted in DMEM-0.5% FCS with 5μg/mL trypsin and an equal volume of 

102TCID50 A/PR8 virus added and incubated at 37oC for 60 minutes.  A confluent MDCK 

monolayer in a 96 well plate, which had been washed twice with PBS was inoculated 
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with 100μL of virus/anti-serum preparation and incubated at 37oC with 5% CO2 for 72 

hours before scoring for CPE (Tang et al., 2008).  Endpoint dilution was defined as the 

final dilution which completely inhibited viral CPE. 

 

2.2.17 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

Proteins were electrophoresed using 10% SDS polyacrylamide gels under reducing 

conditions (Reducing Loading Buffer and boiling sample for 5 minutes) or non-reducing 

conditions (Non-reducing Loading Buffer and no boiling).  Gels were stained with 

Coomassie Blue G250 dye for 1 hour before destaining using Destain overnight.  Gels 

were washed in H2O before drying in a Bio-Rad GelAir Drying System and scanning.  

 

2.2.18  Western Blot 

i) Protein Transfer 

To transfer protein from SDS-PAGE to nitrocellulose membrane, the SDS-PAGE was 

washed in 1X Transfer Buffer for 1 hour.  A holder cassette, 2 fibre pads, 2 blotting 

filter paper sheets and the pre-cut membrane were soaked in ice cold 1X Transfer 

Buffer during this time.  The cassette was assembled and placed into the chamber 

containing 1X Transfer Buffer in an ice bucket.  The protein was transferred to the 

membrane for 1 hour at 60 volts.  The membrane was blocked in 5% Skim milk 

powder-1X TBST overnight at 4oC.   

 

ii) Blot Development 

Hyper-immune mouse anti-influenza serum 

Hyper-immune anti-influenza A/PR8 was previously produced by repeated inoculation 

of mice with influenza A/PR8 within Professor Berry’s laboratory.  Hyper-immune anti-

influenza A/PR8 virus mouse serum at a dilution of 1 in a 100 was added and incubated 

at room temperature for 90 minutes with rocking.  The membrane was washed in 1X 

TBST for 1 hour and a 1 in a 2000 dilution of anti-mouse IgG alkaline phosphatase (AP) 

conjugate was added and incubated at room temperature for 90 minutes with rocking.  

After the membrane was washed for 1 hour in 1X TBST, a Bio-Rad AP conjugate 

substrate kit was used to develop the colour reaction.  
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Hyper-immune sheep anti-influenza serum  

After the membrane was blocked overnight, sheep serum was added at a dilution of 1 

in a 100 in 1X TBST and incubated at room temperature for 90 minutes with rocking.  

The membrane was washed in 1X TBST for 1 hour and a 1 in a 2000 dilution of Donkey 

anti-Goat IgG alkaline phosphatase (AP) conjugate was added and incubated at room 

temperature for 90 minutes with rocking.  The membrane was washed for 1 hour in 1X 

TBST then a Bio-Rad AP conjugate substrate development kit was used to develop the 

colour reaction. 

 

2.2.19 Protein Concentration 

Protein concentrations were determined by the Bradford method using the Bio-Rad 

colorimetric protein assay.  The assay was performed as per the instructions provided 

by Bio-Rad using a micro-titre plate and measured at 595nm on a Bio-Rad Benchmark 

Plus microplate spectrophotometer.  

 

2.2.20 Enzyme linked immunosorbant assay (ELISA) 

i) Anti-DNA plasmid construct ELISA 

The anti-DNA plasmid IgG ELISA was performed by coating a high binding ELISA plate 

with 0.1µg per well of DNA plasmid construct (pkCMVint.HA) diluted in 100µL of 

Carbonate Coating Buffer, and incubated overnight at 4oC. The plate was then blocked 

with 150µL per well of 1% OVA in PBS-Tween for 90 minutes at 37oC.  Next 100µL of a 

1 in 200 dilution of the sheep serum was added and incubated at 37oC for 90 minutes.  

A donkey anti-goat IgG AP conjugate detection antibody (100µL) diluted 1 in 2000 was 

added and incubated at 37oC for 90 minutes.  A colour reaction was performed by 

adding 100µL of a 1 in a 100 dilution of 250mg/mL PNPP in diethanolamine buffer and 

absorbance was read at 405nm on a Bio-Rad Benchmark Plus microplate 

spectrophotometer. 

 

ii) Anti-sheep IgG ELISA 

The anti-sheep IgG ELISA was performed by coating a medium binding ELISA plate with 

1µg per well of sheep IgG diluted in 100µL of Carbonate Coating Buffer and incubating 

overnight at 4oC.  The plate was blocked with 150µL per well 1% OVA in PBS-tween, for 

90 minutes at 37oC.  Samples were serially diluted in 100µL of PBS-tween and 
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incubated at 37oC for 90 minutes.  An anti-mouse IgG AP conjugated detection 

antibody diluted 1 in 2000 in PBS-tween was added to each well (100µL) and incubated 

at 37oC for 90 minutes.  A colour reaction was performed using a 1 in 100 dilution of 

PNPP in diethanolamine and absorbance was read on a Bio-Rad Benchmark Plus 

microplate spectrophotometer at 405nm.  

 

iii) Anti-influenza A/PR8 IgG ELISA 

The anti-influenza A/PR8 IgG ELISA was performed by coating a high binding ELISA 

plate with 100µL of a 1 in 100 dilution of influenza A virus antigen preparation (section 

2.2.21) diluted in Carbonate Coating Buffer and incubating overnight at 4oC.  The plate 

was then blocked with 150µL per well 1% OVA in PBS-tween for 90 minutes at 37oC.  

Samples were serially diluted in 100µL of PBS-tween across the plate and incubated at 

37oC for 90 minutes.  An anti-mouse IgG AP conjugated detection antibody diluted 1 in 

2000 in PBS-tween was added to each well (100µL) and incubated at 37oC for 90 

minutes.  A colour reaction was performed using a 1 in 100 dilution of PNPP in 

diethanolamine and absorbance was read on a Bio-Rad Benchmark Plus microplate 

spectrophotometer at 405nm. 

 

2.2.21 Influenza A Virus Antigen Preparation 

A confluent monolayer of MDCK cells was washed twice in PBS and 250μL of influenza 

A/PR8 virus was added in 5mL DMEM-0.5%FCS.  The flask was incubated at 37oC/5% 

CO2 for 2 days.  Cells were trypsinised and centrifuged at 200xg for 5 minutes.  The cell 

pellet was resuspended in 2mL of 1mM Phenylmethylsulfonyl Fluoride (PMSF) and 

subjected to three freeze-thaw cycles at -20oC.  Influenza A virus antigen was aliquoted 

and stored at -20oC. 

 

2.2.22 IgG Purification using Protein G 

Immobilised protein G beads were packed into an 8cm x 1cm (8mL) chromatography 

column and equilibrated with PBS, pH 7.4.  The serum sample was filtered using 

0.45µm syringe filter and diluted 1 in 4 with PBS before loading onto the column.  The 

buffer protocol was as follows, PBS was run through the column for 80mL at 

0.8mL/minute and then the Elution Buffer was run for 56mL at 0.8 mL/minute.  The 

flow through was collected and stored for later analysis.  To the elution fractions, 
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300µL of Neutralisation Buffer was added for every 3mL of solution collected.  The 

elution fractions were buffer exchanged into PBS using 10kDa cut-off Amicon 

ultrafiltration membrane. 

 

2.2.23 Detoxi-GelTM Endotoxin Removal 

The pre-packed Detoxi-GelTM columns were washed under gravity flow with 3 to 5 

column volumes of endotoxin free 1% Sodium deoxycholate in distilled water before 

washing with 3 to 5 column volumes of endotoxin-free sterile PBS.  The sample was 

loaded and the void volume of 0.9 mL was allowed to flow off the column.  The column 

was sealed and incubated at 4oC for 1 hour.  The column was opened and under gravity 

flow the sample was collected from the column.  An extra 1 mL of PBS was added and 

a further 0.9 mL of sample was collected.  The column was then washed with 3 to 5 

column volumes of 1% Sodium deoxycholate and stored in 25% ethanol. 

 

2.2.24 Antibody Preparations 

The low neutralising hyper-immune IgG used Chapter 4 was purified from the serum of 

ewes inoculated with inactivated virus culture supernatant collected on day 45 post 

primary injection.  The high neutralising hyper-immune IgG used in Chapter 5 was 

purified from the serum of ewes inoculated with the purified split influenza virus 

antigen collected on day 58 post primary injection.  The non-specific IgG was obtained 

by column fractionation of non-immunised sheep serum.  All IgG was purified using a 

Protein G column fractionation followed by Detoxi-GelTM treatment to remove possible 

endotoxin contamination before use in vivo. 

 

2.2.25 Anaesthetic procedure 

The mice were lightly anaesthetised with methoxyfluorane or halothane inhalation. 

When using methoxyfluorane, mice were placed into a small glass jar containing cotton 

wool onto which the methoxyfluorane was placed.  Alternatively, when halothane was 

used, mice were placed into a Perspex box connected to a Flurotect Mark 2 Halothane 

dispenser within a fume cupboard.  The halothane rate was maintained between 

settings of 2 and 2.5 and anaesthesia was induced within 2 to 5 minutes.  Mice were 

determined to be lightly anaesthetised when they were not moving and their 

breathing had become regular.   
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2.2.26  Intranasal administration of antibody and influenza virus 

Mice were lightly anaesthetised then held in a semi-supine position by the extra skin at 

the back of their neck supported in the palm of the hand with the nares slightly 

elevated.  The 25 µL volume of saline, antibody or virus was administered drop-wise 

into the nares using a micropipette by positioning the micropipette just in front of the 

nostrils and expelling small drops from the end of the micropipette tip which was 

inhaled while unconscious.  Mice were returned to their cage where they were 

monitored until they had recovered consciousness and were moving and breathing 

freely. 

 

2.2.27 Animal Monitoring 

After influenza virus challenge, mice were monitored twice daily for clinical score and 

weight loss by weighing daily.  After weighing the percentage of weight loss from day 0 

was calculated.  Once mice had reached a weight loss of 15% they were monitored 

four times a day (see Appendix A3 for monitor sheet).  Clinical score was as follows 0) 

Healthy mice, 1) Barely ruffled fur, 2) Fur ruffled but active, 3) Fur ruffled, inactive, 4) 

Fur ruffled, inactive, and hunched and 5) Dead (James et al., 2007).  Individual mice 

were scored upon monitoring as required by the animal ethics approval.  Mice were 

euthanised when they reached a clinical score of 4 or a weight loss of greater than 

25%. 

 

2.2.28 Euthanasia 

Mice were first lightly anaesthetised with methoxyfluorane inhalation then given an IP 

injection of lethal 200 µL dose of 300mg/mL of Valabarb® (sodium pentobarbital).   

  

2.2.29 Blood Collection 

Immediately after the mouse was euthanised, the chest cavity was opened and blood 

was collected by direct cardiac puncture with a 27 ½ gauge needle and 1 mL syringe.  

Blood was transferred to an Eppendorf tube and allowed to clot before centrifuging at 

800xg for 10 minutes.  The serum supernatant was collected and stored at -80oC.      
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2.2.30 Lung collection for estimation of viral titre 

A lobe of lung was removed for virus quantitation prior to bronchial alveolar lavage.  

To remove a lung lobe, the left branch of the trachea was tied off with a suture using 

braided suture silk 3/0 and the lung was cut below the suture and removed.  The lung 

was placed into a sterile U-bottom tube (12 x 75mm) and weighed, four times the 

weight of DMEM media was added to make a 20% weight/volume mixture.  The lung 

was homogenised by an electronic tissue homogeniser and the homogenate stored in 

aliquots at -80oC. 

 

2.2.31 Bronchial Alveolar Lavage (BAL) fluid collection 

To lavage the remaining lung lobes, the trachea was exposed and cannulated with a 

length of polyethylene tube (1.27 x 0.86mm).  A suture was then tied around the 

cannula to secure it in place.  A second suture was completed above the cannula to 

close the trachea leading up to the nose.  A third loose suture was placed over the 

tube and trachea.  The cannula was attached to a 1 mL syringe and 0.5 mL of PBS was 

circulated into the remaining lung, three times and then collected.  The lung lavage 

was centrifuged at 450xg for 10 minutes and the supernatant was stored in aliquots at 

-80oC.  

 

2.2.32 Lung collection for Histology 

The mouse lung was attached to a perfuser through the cannula in the trachea and 

10% neutral buffered formalin at a pressure of 10cm of liquid pressure was allowed to 

flow into the lung.  After approximately one hour the trachea was tied off below the 

cannula to close the trachea and the combined heart/lung mass was removed and 

placed into a tube containing 10% neutral buffered formalin.  Lung histology sectioning 

and staining with Haematoxylin and Eosin was performed by the Histology laboratory 

at the School of Veterinary and Life Sciences at Murdoch University. 

 

2.2.33 Differential cell counts 

After the lavage fluid had been centrifuged and supernatant collected, the pelleted 

cells were resuspended in 0.5 mL of PBS and stained with Trypan Blue before counting 

in a haemocytometer as described in section 2.2.1.  Following cell counting, 

approximately 1x105 cells in 50 to 200µL were then centrifuged onto a glass slide using 
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a Shandon Cytospin 2 countertop centrifuge at 500 rpm for 8 minutes, after which the 

cells were stained with a Wright-Geimsa Ames Hema-Tek automated slide stainer.  

Differential cell counts were performed by counting approximately 300 identifiable 

cells.  

 

2.2.34 F(ab’)2  production 

A pilot digestion of purified IgG was performed in order to determine the optimal time 

for pepsin digestion at 37oC (Andrew and Titus, 1997).  2mL of purified IgG was 

dialysed against 200mL of 0.2M Sodium Acetate buffer at either pH 4.0 or 4.5 for 4 

hours at 4oC using a micro-dialysis chamber with a 12kDa to 14kDa dialysis membrane.  

The concentration of the dialysed IgG was determined and adjusted to 1 mg/mL.  

Pepsin was added to a ratio of 1:10 of pepsin to IgG and incubated at 37oC for varying 

lengths of time.  The tubes were removed from 37oC and the pH was increased to 8.0 

using 2M Tris base.  The digestate was then dialysed against PBS overnight at 4oC in a 

micro-dialysis chamber and subsequently analysed by SDS-PAGE. 

 

Preparations of F(ab’)2 for use in animal experiments were produced using IgG purified 

from the day 58 serum of ewes inoculated with the purified split influenza virus 

antigen.  IgG was dialysed against 0.2M Sodium Acetate buffer at pH 4.5 for 4 hours at 

4oC in a micro-dialysis chamber.  The protein concentration was determined and an 

equal volume of pepsin at a 1:10 ratio of pepsin to antibody was added.  The digestion 

reaction was incubated at 37oC for 24 hours then the pH was increased to 8.0 with 2M 

Tris base.  The digestion product was dialysed against PBS overnight at 4oC with stirring 

and concentrated on a 50kDa cut-off Amicon ultrafiltration membrane.  The protein 

concentration was determined and diluted as required before Detoxi-GelTM treatment.   

This protocol was modified from Lu et al (2004) and Ng et al (2010). 

 

2.2.35 Dialysis membrane preparation 

Dry dialysis membrane was prepared by boiling twice for 5 minutes alternately in 

10mN sodium bicarbonate and 10mM sodium ethylenediaminetetra-acetic acid 

(EDTA), pH 8.0.  The membrane was washed in distilled water and stored at 4 oC in 25% 

ethanol.  Before use the membrane was rinsed with distilled water and cut to the 

required size. 
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2.2.36 Microdialysis Chamber 

A microdialysis chamber was used to dialyse solution volumes less than 500µL in order 

to reduce sample loss.  The microdialysis chamber was produced by puncturing a hole 

into the cap of a 1.5mL Eppendorf tube with the wide end of a heated Pasteur pipette.  

Samples were loaded and a piece of dialysis membrane was placed across the open 

tube and closed in place.  Tubes were inverted and gently tapped to remove any 

bubbles and to ensure that the liquid had made contact with the membrane.  Tubes 

were placed inverted into a glass beaker containing the appropriate solution to dialyse 

as required. 

 

2.2.37 Cytokine measurement 

i) Interferon (IFN) Bioassay 

The IFN bioassay was performed as previously described (James et al., 2007; Jewell et 

al., 2007).  L929 cells were seeded into a 96-well tissue culture plate in DMEM-10% FCS 

and incubated overnight at 37oC/5% CO2.  When the cells were greater than 70% 

confluent, the cells were washed twice with sterile PBS and samples and IFN standard 

(Universal IFN, PBL Interferon Source) were added in duplicate and serially diluted in 

DMEM-1% FCS.  Plates were incubated at 37oC/5% CO2 overnight.  Cells were washed 

twice with sterile PBS and 100µL of EMCV at a dilution of 10-3 in DMEM-1%FCS was 

added to the plates and incubated at 37oC/5% CO2 overnight and then scored for CPE. 

 

ii) Interferon-α ELISA  

The IFN-α ELISA used a horseradish peroxidase-conjugated anti-IFN-α detection and 

was performed according to the manufacturer’s instructions.  The colour reaction was 

read spectrophometrically at 450nm using a Bio-Rad Benchmark Plus plate reader.  The 

absorbance values were then used to generate a standard curve from which sample 

concentrations were determined as pg/mL.  

 

iii) Interferon-β ELISA 

The IFN-β ELISA used a horseradish peroxidase-conjugated anti-IFN-β detection and 

was performed according to the manufacturer’s instructions.  The colour reaction was 

read spectrophometrically at 450nm using a Bio-Rad Benchmark Plus plate reader.  The 
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absorbance values were then used to generate a standard curve from which sample 

concentrations were determined as pg/mL.  

 

iv) Interferon-λ ELISA 

The IFN-λ ELISA used a horseradish peroxidase-conjugated anti-IFN-λ detection system 

and was performed according to the manufacturer’s instructions.  The kit was supplied 

without pre-coated ELISA plates, therefore high binding ELISA plates were coated with 

capture antibody as described by the manufacturer’s instructions.  Samples were 

diluted to 1 in 20 and assayed.  The colour reaction was read spectrophometrically at 

450nm and 540nm using a Bio-Rad Benchmark Plus plate reader.  The corrected 

absorbance values (450nm minus 540nm) were then used to generate a standard 

curve from which sample concentrations were determined as pg/mL.  

 

v) Cytokine Bead Array (CBA)  

CBA Flex sets were purchased from BD (MD, USA) for analysis of IL-1β, IL-6, IL-10, IL-

12/IL-23p40, TNF-α, IFN-ɣ and KC levels in the BAL fluid samples collected.  The BD CBA 

kit was used as per the manufacturer’s instructions following the two-step incubation 

filter plate assay protocol for BD FACSArray with a single modification.  All BAL fluid 

samples were assayed undiluted and the protocol was modified to include an 

incubation of BAL fluid samples and standards overnight at 4oC, instead of room 

temperature for 2 hours.  The CBA capture beads are coated with antibodies for the 

analyte of interest.  A fluorescent detection antibody was then used to detect the 

analyte bound to the beads which were then measured using the BD FACSCanto II high 

throughput sampler.  This instrument is maintained by the Centre for Microscopy 

Characterisation and Analysis (UWA) at Murdoch University.  The FACSCanto II was 

operated using the BD FACSDiva V6.1.2 (BD Biosciences) operating software.  Data was 

analysed using FCAP Array v3.0 software, which produced standard curves and sample 

concentrations were determined based on 5 parameter logistic curve fit.  

 

2.2.38 Statistical analysis 

All statistical analysis was performed using Prism 5.00 (GraphPad Inc.) software.  For all 

analysis with two data sets a Mann-Whitney t-test was performed.  ANOVA was 

conducted with all analysis of more than two data sets with Tukey’s pairwise 
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comparisons of groups post-test.  A p value of less than 0.05 was considered 

significant.  Significance indicated on graphs denotes comparison of the group to the 

PBS control, unless otherwise stated. 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3   

Preparation of influenza A viral antigens and generation of 

neutralising antibodies in sheep. 
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3.1 Introduction 

Currently, vaccination is the best control intervention available against both epidemic 

and pandemic influenza virus infection (Deans et al., 2010; reviewed in Du et al., 2010; 

Dormitzer et al., 2011).  However, inevitably during an influenza pandemic there is a 

significant six month delay between strain recognition and vaccine availability and 

production capacity is limited due to large scale virus propagation requirement using 

embryonated chicken eggs (Gerdil, 2003; WHO, 2006; reviewed in Hendriks et al., 

2011), leaving many without access to vaccines (Luke et al., 2006; reviewed in Hehme 

et al., 2008; Huber and Mccullers, 2008; Kieny and Fukuda, 2008; Osterhaus and 

Poland, 2008; Butler, 2010; Girard et al., 2010).  During an influenza pandemic, passive 

immunotherapy could provide an important adjunct to vaccines for the control of 

influenza (Luke et al., 2006; reviewed in Mancini et al., 2011; Ye et al., 2012).  

However, a significant question in this regard is the source of bulk antibodies for this 

purpose.  It is proposed that milk from immunised cows could be a suitable and 

convenient source which could be more cost-effective, provide doses in abundance 

and be available more rapidly than current vaccines.  Furthermore, the ability, via 

passive immunotherapy, to disrupt the virus infection at an earlier stage in pandemic 

spread than is currently possible by vaccination, would greatly facilitate control 

measures by breaking the infection cycle at the critically important early stage.  

   

In this study a number of influenza A viral antigen preparations were identified for 

investigation in animal trials.  The selected antigens were; (i) inactivated virus culture 

supernatant, (ii) concentrated inactivated virus culture supernatant, (iii) purified split 

virus, (iv) Hemagglutinin (HA) and (v) Neuraminidase (NA) proteins, (vi) recombinant 

HA (rHA) protein and lastly (vii) a DNA HA plasmid.  The whole virus antigens were 

prepared from influenza virus propagated in tissue culture systems as opposed to 

embryonated chicken eggs.  In general terms, advantages of tissue culture-based 

vaccines include that most influenza virus strains grow well in tissue culture, without 

the need for extensive reassortment which is generally required to produce seed 

viruses and a shorter scale-up period than required for egg-based systems (Kistner et 

al., 1998; Hu et al., 2008; Deans et al., 2010; Seitz et al., 2010; Hu et al., 2011).  

Furthermore, bulk propagation of influenza virus can be achieved using fermenters 

and microcarrier beads producing equivalent volumes and virus concentrations as 
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obtained using egg-based systems (Tree et al., 2001; Liu et al., 2009; Hussain et al., 

2010).  Several successful human clinical trials have shown the safety and 

immunogenicity of vaccines produced in this manner (Ehrlich et al., 2008; Fritz et al., 

2011; Ehrlich et al., 2012; Aichinger et al., 2015; reviewed in Barrett et al., 2015).     

 

Formalin inactivation of influenza virus is universally accepted and used for production 

of efficacious poultry vaccines, and has been used in animal experimental studies 

(James et al., 2007b; James et al., 2008) including an intranasal vaccine in mice (Takada 

et al., 2003).  Hence, production of a crude formalin inactivated virus vaccine could be 

considered suitable as a prototype vaccine for dairy animals.  However, production of a 

vaccine in this manner is likely to induce a concomitant immune response to 

components of the cell culture media.  Purification of influenza virus using sucrose 

gradients is a well-established method used in the production of the annual trivalent 

vaccine for humans and removes greater than 95% of contaminating proteins while 

retaining high levels of hemagglutination activity (Johansson et al., 1989; Gallagher et 

al., 1984; reviewed in Gerdil, 2003; Cox et al., 2004; Hendriks et al., 2011).  In addition, 

detergent-treatment of purified virus breaks down the lipid membrane of the virus and 

is routinely used to inactivate influenza virus for vaccine production, which results in 

an efficacious split virus vaccine (Hovden et al., 2005).   

 

HA and NA, are the main targets of neutralising antibodies providing protective 

immunity after both natural infection and vaccination with influenza virus.  

Neutralising antibodies specific to the head of the HA protein are highly strain specific 

but provide the best protection against subsequent infection by neutralising the virus 

before cell entry.  Anti-NA preparations on the other hand could potentially provide 

heterosubtypic immunity, because of its high conservation between strains (Sandbulte 

et al., 2007; Maurer-Stroh et al., 2009).  However, in traditional vaccines where NA is 

present with HA, antigenic competition between the two proteins can result in low NA 

antibody levels (Brett and Johansson, 2005).  Therefore, purification of these surface 

proteins allows comparisons to be made of the individual neutralising capacity of 

antibodies against the two proteins.   
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Production of recombinant influenza viral proteins is advantageous over growth of the 

virus as they can be produced in large-scale without high levels of security and 

containment associated with live virus growth (Knibbs et al., 2003; Wurm, 2004; Wang 

et al., 2006; Wei et al., 2008; Bosch et al., 2010).  Vaccination with recombinant 

influenza virus proteins protects mice against virulent influenza virus challenge (Bright 

et al., 2007; Horthongkham et al., 2007; Song et al., 2008; Wei et al., 2008; Du et al., 

2011).  In this context, anti-sera against H5 has been produced in sheep using a rH5 

vaccine (Hanson et al., 2006).   

 

Influenza virus-specific DNA plasmid vaccines have been shown to produce neutralising 

antibodies, which protect against infection (Chen et al., 1998; Palese and García-

Sastre, 2002; Carragher et al., 2008; Lo et al., 2008; Wei et al., 2008; Ding et al., 2010; 

Košík et al., 2012; Yan et al., 2014).  Important benefits are that DNA plasmid vaccines 

can be produced in a shorter time from initial identification of a novel influenza virus 

strain, large quantities using bacterial cell culture can be generated and the expression 

vector backbone also provides an adjuvant for stimulation of the immune response 

towards the encoded foreign protein.  However, while experimental DNA plasmid 

vaccines produce heterosubtypic protective immunity against influenza virus strains in 

rodents, they do not provoke a strong immune response in other animals (Wei et al., 

2010).  In combination with a protein boost, priming with a DNA plasmid, has been 

shown to increase the antibody response against the protein up to fifty times the 

levels obtained from a single dose of protein or plasmid (Wei et al., 2010).  The clinical 

potency of DNA vaccines can possibly be addressed using a DNA plasmid-protein prime 

boost strategy (Ranasinghe and Ramshaw, 2009), as used in recent clinical trials 

(Ledgerwood et al., 2013; Khurana et al., 2013; Ledgerwood et al., 2015).   

 

Both monoclonal and polyclonal antiviral antibodies have advantages for treatment of 

influenza.  Polyclonal antibody preparations were selected here because of their lower 

cost, rapid production times and suitability for low resource settings with less skilled 

individuals, making them ideal for use in regions likely to experience outbreaks during 

the crisis period of an influenza virus pandemic (Lipman et al., 2005).  Also polyclonal 

antibody preparations contain antibodies, which bind to a range of viral epitopes 

hopefully avoiding the disadvantage of monoclonals whereby targeting a single 
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epitope, a single mutation can produce influenza virus variants that escape the 

neutralising monoclonal antibody (Wang et al., 2009b).   

 

The source of bulk antibodies for commercial use is the major determinate of the cost 

and speed with which the antibodies can become available for use.  During an 

influenza virus pandemic a potential source of polyclonal anti-influenza viral antibodies 

is convalescent serum.  Treatment with convalescent sera was used successfully to 

reduce mortality during the Spanish Flu pandemic and in isolated cases of H5N1 or 

2009 pandemic H1N1 (A(H1N1)pdm09) infection (Luke et al., 2006; Zhou et al., 2007; 

Hung et al., 2011).  However, between the start of the pandemic and the availability of 

a steady supply of this product a time delay exists (reviewed in Leider et al., 2010; 

Wong et al., 2010).  Another source of polyclonal bulk antibodies is the production of 

IgY in chicken eggs by vaccination of chickens (Nguyen et al., 2010).  Anti-influenza IgY 

antibodies from eggs have been shown to be efficient at protecting against influenza 

virus infection in mice (Adachi et al., 2008; Nguyen et al., 2010).  However, during an 

avian influenza virus pandemic egg supplies maybe limited, due to high poultry 

mortality rates and culling, reducing potential IgY production yields.   

 

An alternative polyclonal antibody source available in constant supply is via the milk 

obtained from dairy animals, which has the potential for both, polyclonal and 

monoclonal antibodies, when transgenic animals are used (reviewed in Pollock et al., 

1999; Newcombe and Newcombe, 2007).  Dairy animals provide the opportunity to 

produce large quantities of antibodies from a single animal with estimates of serum 

production of 500µg/mL of specific antibody (Kuroiwa et al., 2009) or 500g of 

polyclonal antibody per animal purified from the colostrum (Ng et al., 2010).  Anti-

influenza viral antibodies have been produced in the colostrum by vaccination (Ng et 

al., 2010) and found in the milk of cattle (Crawshaw et al., 2008).  While colostrum 

contains a high concentration of antibodies, it is only produced for a short period of 

time immediately after calving.  Although of lower quantity, the continuous supply of 

antibodies produced in the milk of dairy animals provides a potential source for bulk 

antibody supplies at a commercial scale.   
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In this chapter, the efficacy of several different influenza viral antigens to generate an 

immune response to the virus in both the serum and milk of immunised sheep was 

investigated.  Sheep were used as the source of ruminant polyclonal antibodies 

because within the laboratory setting they provide a suitable alternative to larger and 

more expensive cattle while allowing proof-of-concept investigations.  These vaccine 

candidates were evaluated for their immunogenicity in ruminants as a bulk source of 

antibodies for passive immune-prophylaxis.    

 

3.1.1 Chapter Aims 

The specific aims of this chapter were: 

1)   To produce a range of influenza viral antigen preparations. 

2)  To assess the immunogenicity and specificity of antibodies produced by 

immunisation of ruminants with the antigen preparations. 
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3.2 Methodology 

For detailed materials and methods used in this Chapter, see Chapter 2.  Briefly, five 

influenza antigen preparations were produced including inactivated virus culture 

supernatant, concentrated inactivated virus culture supernatant, purified split, rHA 

and DNA plasmid (see sections 2.2.4 to 2.2.8).  These antigens were used to inoculate 

lactating ewes according to the prime and boost injection schedule outlined in Figure 

3.1.  Serum and whey samples were collected from the sheep and were assayed by 

Hemagglutination Inhibition (section 2.2.13), Microneutralisation (section 2.2.16), 

Neuraminidase Inhibition (section 2.2.15) and Western Blot (section 2.2.18).  The 

hyper-immune mouse anti-influenza serum used for Western Blotting was produced 

by repeated inoculation of mice with influenza A/PR8 previously within Professor 

Berry’s laboratory (Murdoch University).   
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Figure 3.1.  Immunisation and sample collection protocol for lactating ewes with influenza virus antigens.  A) Inactivated virus 

culture supernatant was used to immunise 3 ewes.  Sheep received boosts on days 14 and 21 post primary injection and 

bulk blood and milk samples were collected on days 23 and 45.  B) Immunisation using concentrated inactivated virus 

culture supernatant, purified split, rHA and DNA plasmid antigens involved the immunisation of 2 sheep for each antigen.  

The concentrated inactivated, purified split and rHA inoculated sheep all received two boosts on days 14 and 28 post 

primary injection and bulk blood and milk sample collection occurred on days 42 and 58.  The DNA plasmid inoculated 

sheep received two boosts with DNA plasmid on days 14 and 28 and a boost with rHA on day 42 with bulk blood and milk 

sample collection occurring on days 58 and 72.  
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Day 28 
Test Bleed and Milk 
Antigen boost 
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Day 58 
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3.3 Results 

3.3.1 Inactivated virus culture supernatant (IVCS) 

To initiate investigations into passive immune-prophylaxis with an inactivated virus 

culture supernatant (IVCS) antigen was prepared to immunise sheep by treating whole 

influenza A/PR8 virus with formaldehyde to inactivate live virus.  This crude antigen 

preparation was characterised using SDS-PAGE, which showed a protein smear 

between approximately 50kDa and 75kDa with a well-defined band at approximately 

60kDa (Figure 3.2, Lane 4).  Determination of the viral polypeptides corresponding to 

defined molecular weight within this smear was not possible and some of the proteins 

represented by the smear were the components of the cell culture media used to 

propagate the virus.  The strong band at a size of approximately 60kDa was most likely 

to be Bovine Serum Albumin (BSA) a component of the cell culture media.  The protein 

estimation of this crude antigen preparation was approximately 0.3mg/mL per dose.   

 

Sheep were immunised with the IVCS antigen and its immunogenicity was assessed by 

determining the neutralising antibody response.  Three lactating ewes were primed 

with the antigen/adjuvant emulsion followed by boosters at day 14 and day 21 (Figure 

3.1A).  First, anti-HA antibody levels were analysed using the Hemagglutination 

Inhibition (HAI) assay (Nauta et al., 2009).  At day 45 post primary injection sheep had 

detectable but low serum neutralising antibody titres (Figure 3.3A).  Similarly, two 

sheep also had low endpoint titres in their whey samples (Table 3.1). 
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Figure 3.2. SDS-PAGE characterisation of the purified split, concentrated 

inactivated and crude inactivated influenza virus antigen preparations.  

Coomassie Blue stained 10% reducing SDS-PAGE of the antigen 

preparations.  Lane 1) Molecular weight marker, 2) Purified split virus, 3) 

Concentrated inactivated virus culture supernatant, and 4) Inactivated 

virus culture supernatant.  Arrows indicate major bands at 50kDa for 

purified split virus, approximately 60kDa for concentrated inactivated 

virus culture supernatant and inactivated virus culture supernatant.   
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Table 3.1. Hemagglutination inhibition (HAI) endpoint titres of RDE treated whey 

samples collected from immunised sheep. 

Sample Endpoint titre of HAI 

 Pre-bleeda Final sampleb 

Inactivated virus culture supernatant (1c) 0 0  

Inactivated virus culture supernatant (2) 0 10 

Inactivated virus culture supernatant (3) 0 10 

Concentrated inactivated virus culture 

supernatant (4) 0 40 

Concentrated inactivated virus culture 

supernatant (5) 0 10 

Purified split virus (6) 0 160 

Purified split virus (7) 0 0 

rHA (8) 0 0 

rHA (9) 0 0 

DNA Plasmid/rHA boost (10) 0 0  

DNA Plasmid/rHA boost (11) 0 0 

aPre-bleed collected on day 0. 

bFinal samples were collected on day 45 for inactivated virus culture supernatant 

antigen, day 58 for concentrated inactivated virus culture supernatant, purified split 

virus and rHA antigens and day 72 for DNA plasmid/rHA boost antigen. 

cSheep number. 
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Table 3.2.  Neuraminidase Inhibition (NAI) assay results for sheep serum after 

immunisation with influenza virus antigens. 

Sample NA Inhibition activity 

 Pre-bleeda Final sampleb 

Inactivated virus culture supernatant (1c) - d -  

Inactivated virus culture supernatant (2) - -  

Inactivated virus culture supernatant (3) - -  

Concentrated inactivated virus culture 

supernatant (4) 

- + 

Concentrated inactivated virus culture 

supernatant (5) 

- + 

Purified split virus (6) - + 

Purified split virus (7) - + 

rHA (8) - - 

rHA (9) - - 

DNA plasmid/rHA boost (10) -     - 

DNA plasmid/rHA boost (11) -     - 

aPre-bleed collected on day 0. 

bFinal samples were collected on day 45 for inactivated virus culture supernatant 

antigen, day 58 for concentrated inactivated virus culture supernatant, purified split 

virus and rHA antigens and day 72 for DNA plasmid/rHA boost antigen. 

cSheep number. 

dSamples were negative if the reaction colour matched that of the virus control (pink).  

While samples were positive if the reaction colour matched that of the PBS (white). 
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The microneutralisation (MN) assay is a sensitive assay for detecting the inhibitory 

action of antibodies against the virus and is also capable of detecting non-HA 

neutralising antibodies which inhibit virus replication (Papenburg et al., 2011).  

Immune sera from the IVCS immunised sheep were able to prevent influenza virus 

replication in vitro, with one sheep producing a peak endpoint titre of 640 on day 45 

post primary injection (Figure 3.3B).  However, the kinetics of antibody production 

cannot be examined as samples were only collected after the second antigen boost.  

The whey samples collected from these immunised sheep failed to show any anti-

influenza virus activity.  It should be noted that the pre-injection whey sample with an 

endpoint titre of 20 was considered negative.  Thus for a sample to be considered 

positive it must have a titre greater than 40 (Nayak et al., 2004).      

 

Serum samples from sheep inoculated with the IVCS failed to inhibit neuraminidase 

activity (Table 3.2).  Neuraminidase inhibition (NAI) was attempted using whey 

samples, however, the colour change to pink associated with the fetuin reaction did 

not occur and the reactions turned either yellow or orange.  NAI analysis was therefore 

not possible with whey samples. 

 

To identify the viral components recognised by the antibodies, immune sheep serum 

was blotted against influenza virus.  Firstly, serum from the sheep inoculated with IVCS 

which produced the greatest MN antibody titre was blotted against polypeptides 

derived from influenza viral antigen preparations, both purified influenza virus and 

concentrated cell supernatant containing influenza virus (Figure 3.3C).  Serum 

antibodies from the IVCS immunised sheep bound to a number of polypeptides within 

the concentrated cell culture supernatant containing influenza virus with weak 

response against the purified virus.  A polypeptide bound by antibodies from the 

immune serum at approximately 60kDa may contain HA1 but would predominantly 

consist of BSA.  The lack of a similar band of antibody reactivity within the purified 

virus antigen makes it difficult to conclusively determine that the serum was reacting 

to viral components. 
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Figure 3.3. Analysis of samples collected from ewes immunised with the 

inactivated virus culture supernatant (IVCS).  Sheep were inoculated 

with the IVCS (approximately 0.3mg of protein per dose) on day 0 and 

booster inoculations were given on day 14 and 21 post primary 

injection.  Test bleeds and milk samples were collected on day 0 and 21.  

Bulk blood and milk samples collected on days 23 and 45 (protocol 

outlined in Figure 3.1A).  A) Collected serum samples were tested in a 

hemagglutination inhibition assay against influenza A/PR8.  The last 

dilution to inhibit the hemagglutination of red blood cells by the virus 

was determined as the endpoint titre.  B) Collected serum and whey 

samples were tested in a microneutralisation assay against influenza 

A/PR8.  The last dilution to completely inhibit the cythopathic effect of 

the virus was determined as the endpoint titre.  C) Day 45 hyper-

immune sheep serum with the highest microneutralisation endpoint 

titre was blotted against crude and purified influenza viral protein 

antigens.  Lanes: 1) Molecular weight marker, 2) Concentrated cell 

culture supernatant containing virus, and 3) Purified influenza virus.  D) 

Day 45 hyper-immune sheep serum with the highest 

microneutralisation endpoint titre was blotted against mock-infected 

cell culture supernatant and BSA.  Lanes: 1) Molecular weight marker, 2) 

Mock-infected cell culture supernatant, and 3) 1% BSA.  Arrows indicate 

major bands.   
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To determine if the immune serum was binding to components of the cell culture 

media it was blotted against supernatant from mock-infected cell culture and BSA 

(Figure 3.3D).  The blot showed antibody binding to polypeptides in both preparations 

including a protein at approximately 60kDa, confirming that the band bound in the 

concentrated cell culture supernatant is likely not HA but BSA.  Therefore, the results 

from these western blots provided poor indication of viral component involvement in 

antibody binding and while neutralising anti-influenza virus antibodies were induced 

by this antigen the cell culture components were also immunogenic in the sheep.  

 

3.3.2 Concentrated inactivated virus culture supernatant (CIVCS) 

As indicated above the magnitude of the antibody response induced by the inactivated 

virus culture supernatant was low.  This may have been due in part to a relatively low 

concentration of antigenic viral material in the cell culture supernatant.  Subsequently, 

a more concentrated inactivated virus culture supernatant (CIVCS) was prepared by 

concentrating formaldehyde inactivated cell culture supernatant containing influenza 

virus with a 10kDa Amicon ultrafiltration membrane.  The CIVCS was characterised by 

SDS-PAGE and Western Blot.  The SDS-PAGE (Figure 3.2) showed that the CIVCS 

contained a large amount of protein indicated by a smear between approximately 

50kDa and 80kDa with bands of approximate sizes 50kDa, 60kDa and 80kDa.  The band 

at 50kDa may contain HA1 while it is likely that the band at 60kDa is BSA.  A protein 

band was also detected at approximately 50kDa by a hyper-immune anti-influenza 

virus mouse serum in a Western blot (Lane 4, Figure 3.4).  Providing further evidence 

to suggest that this band contains HA1.  There was a large aggregation of protein 

which remained at the top of the gel and was detected by the hyper-immune anti-

influenza virus mouse serum, suggesting potentially that the whole virus preparation 

did not enter the gel and the reduction protocol was not adequate.  Further bands and 

smearing in both the SDS-PAGE and Western blot, were concluded to be components 

of the media used for influenza virus propagation.   

 

Next, the presence of influenza virus was investigated by more stringent measures of 

specific viral activity.  The 50% Tissue Culture Infected Dose (TCID50) of the virus within 

the infected supernatant prior to formalin inactivation was measured as a dilution of 1 
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in 128,000.  Post-formalin inactivation, the CIVCS hemagglutinated chicken RBC to a 

Hemagglutination Unit (HAU) of 1 in 32.  Protein estimation determined that the CIVCS 

contained approximately 0.7mg/mL per dose.   

 

The CIVCS was used to inoculate sheep as per the protocol outlined in Figure 3.1B.  

This antigen produced neutralising anti-HA antibodies at an endpoint titre of 40 as 

measured by HAI after a single boost in both sheep but antibody levels failed to rise 

any further upon subsequent boost (Figure 3.5A).  This lack of an increase in titre after 

the second boost may have been due to the low ratio of influenza virus to 

contaminating proteins from the cell culture media.  On day 58, whey samples 

collected from these immunised ewes contained neutralising anti-HA antibodies with 

endpoint titres of 10 and 40 respectively (Table 3.1). 

 

Microneutralisation analysis of the serum collected from sheep immunised with the 

CIVCS revealed significant levels of influenza virus neutralising antibodies (Figure 3.5B).  

The kinetics of the antibody produced displayed an increase after the first boost, 

followed by minimal increases in titre after the second boost.  The maximum antibody 

endpoint titre produced by these sheep was 1,280.  Measurable virus neutralisation 

was also detected in the whey samples although the antibody endpoint titres were 

lower than in the serum, being 400 and 100.  Serum samples from ewes immunised 

with the CIVCS collected on day 58 inhibited NA activity in a NAI (Table 3.2), indicating 

the presence of anti-NA antibodies. 

 

Western blotting of serum from the CIVCS immunised sheep recognised a single band 

at approximately 50kDa within the purified virus antigen, which is likely HA1 as protein 

of this size was previous concluded to be HA1 (Shaw et al., 2011) (Figure 3.5C).  

Multiple polypeptides in the concentrated cell culture supernatant containing virus 

were also recognised by the anti-serum.  One of these polypeptides matched the 

50kDa band in the purified virus antigen, possibly corresponding to HA1.  However, it is 

unlikely that the other polypeptides in the concentrated cell culture supernatant 

containing virus detected by the antibodies were influenza virus specific, as they did 
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not appear in the purified influenza virus preparation and thus are likely to be cell 

culture components.   

 

Considering these results and our previous observation that IVCS also elicited non-virus 

specific antibodies, which react to cell culture contaminants, anti-serum was assessed 

for reactivity to cell culture components.  Blotting of the anti-serum against mock-

infected cell culture supernatant and BSA demonstrate the presence of antibodies, 

which bound to cell culture media and strongly to BSA alone (Figure 3.5D).  Having 

established that non-virus specific antibody reactivity was induced in these sheep, 

these results indicate that in addition to virus specificities, a major immune response 

induced by the concentrated inactivated whole influenza virus antigen was directed 

against cell culture components. 
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Figure 3.4. Western blot of concentrated inactivated virus culture supernatant, 

purified split and rHA antigens with hyper-immune anti-influenza virus 

mouse serum.  The 10% SDS-PAGE gel was run under reducing 

conditions and proteins were separated before transfer to nitrocellulose 

membrane.  Proteins were blotted using a hyper-immune anti-influenza 

virus mouse serum produced by immunisation of mice repeatedly with 

influenza A/PR8.  From left to right; Lane 1) 0.1% BSA, Lane 2) Empty, 

Lane 3) rHA, Lane 4) Concentrated inactivated virus culture supernatant, 

Lane 5) Purified split virus, Lane 6) Supernatant from COS-7 transfected 

in DMEM-0% FCS, and Lane 7) Low Molecular Weight Marker.  Arrows 

indicate major bands.   
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Figure 3.5. Analysis of samples collected from ewes immunised with concentrated 

inactivated virus culture supernatant (CIVCS).  Sheep were inoculated 

with the CIVCS (approximately 0.7mg of protein per dose) on day 0 and 

booster inoculations were given on day 14 and 28 post primary injection.  

Test bleeds and milk samples were collected on days 0, 14 and 28.  Bulk 

blood and milk samples collected on days 42 and 58 (protocol outlined in 

Figure 3.1B).  A) Collected serum samples were tested in a 

hemagglutination inhibition assay against influenza A/PR8.  The last 

dilution to inhibit the hemagglutination of red blood cells by the virus was 

determined as the endpoint titre.  B) Collected serum and whey samples 

were tested in a microneutralisation assay against influenza A/PR8.  The 

last dilution to completely inhibit the cythopathic effect of the virus was 

determined as the endpoint titre.  C) Day 45 hyper-immune sheep serum 

with the highest microneutralisation endpoint titre was blotted against 

crude and purified influenza viral protein antigens.  Lanes: 1) Molecular 

weight marker, 2) Concentrated cell culture supernatant containing virus, 

and 3) Purified influenza virus.  D) Day 45 hyper-immune sheep serum 

with the highest microneutralisation endpoint titre was blotted against 

mock-infected cell culture supernatant and BSA.  Lanes: 1) Molecular 

weight marker, 2) Mock-infected cell culture supernatant, and 3) 1% BSA.  

Arrows indicate major bands.    



 

 
3-22 

 

3.3.3 Purified split influenza virus  

Purification of the influenza virus by sucrose gradient and zonal centrifugation was 

employed to purify influenza virus from tissue culture supernatant following which the 

virions were disrupted with detergent (Hendriks et al., 2011).  SDS-PAGE analysis of the 

purified split influenza virus contained a predominant single band of approximately 

50kDa, corresponding to the HA1 protein (Lane 2, Figure 3.2).  Western analysis using 

hyper-immune anti-influenza virus mouse serum showed reactivity to multiple 

polypeptides within this preparation (Lane 5, Figure 3.4).  Based on previously 

reported influenza virus protein sizes (Shaw et al., 2011), the light band detected at 

approximately 25kDa corresponds to HA2, and the lower of the two approximately 

50kDa bands corresponds to HA1 as shown in the SDS-PAGE gel.  While the higher of 

the two approximately 50kDa bands likely corresponds with the NP protein and the 

band at approximately 80kDa corresponds with HA0.  Post-detergent disruption of the 

purified split influenza virus had a HAU of 1 in 512, indicating that concentrated levels 

of virus were present.  Purification from tissue culture propagated influenza virus 

resulted in a detergent-treated purified virus preparation of approximately 0.28mg/mL 

per dose.   

 

The purified split influenza virus antigen was used to inoculate two lactating ewes as 

per the protocol outlined in Figure 3.1B.  This antigen produced anti-HA antibodies in 

the serum of an immunised sheep with HAI endpoint titres of 80 and 640 respectively 

on day 58 (Figure 3.6A).  Again, the serum antibody levels after the first boost did not 

increase significantly upon subsequent boost.  In the whey samples, the sheep with the 

highest serum antibody levels also had the highest HA neutralising antibodies (Table 

3.1).  Notably, the second sheep immunised with the purified split virus failed to 

produce any anti-HA antibodies in the whey.   

 

The purified split virus was superior amongst the antigens tested for producing 

neutralising antibodies against influenza virus as determined using the MN assay 

(Figure 3.6B).  MN analysis showed that both purified split influenza virus immunised 

sheep had serum antibody endpoint titres equal to or greater than 64,000 on day 58.  

Again after the first boost, the antibody levels did not increase upon subsequent boost.  

A 
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Furthermore, the purified split influenza virus, unlike the two previously described 

inactivated antigens, induced significant neutralising antibody levels in the whey, seen 

in one animal (Figure 3.6B).    

 

The NA-reactivity of the sheep serum was also determined using the NAI assay. It was 

found that undiluted samples of the day 58 immune serum from sheep immunised 

with the purified split influenza virus were able to inhibit the neuraminidase activity of 

influenza A/PR8 virus at a virus dilution of 1 in 2 (Table 3.2).  Therefore, anti-NA 

antibodies were a component of the polyclonal antibody array produced against this 

virus antigen preparation.  As noted above the presence of anti-NA antibodies in the 

whey could not be measured with this assay. 

 

Anti-serum from the sheep with the highest MN titre was blotted against preparations 

of sucrose-purified influenza virus, concentrated cell culture supernatant containing 

influenza A/PR8 virus, mock-infected cell culture and BSA.  Polypeptide bands, which 

were likely to be influenza virus specific, were visible in the blots containing influenza 

virus antigen preparations (Figure 3.6C).  The purified virus preparation revealed 

multiple polypeptide bands under reducing gel electrophoresis conditions.  Based on 

the work by Shaw et al. (2011) the reactive bands observed at approximately 28kDa, 

corresponding to the M1 protein, and double bands at approximately 50kDa, 

corresponding to the HA1 and NP viral proteins, respectively, the higher band at 

approximately 80kDa aligns to the molecular weight of the HA0.  When blotted against 

the mock-infected cell culture and BSA, this serum produced a weak band 

corresponding to BSA in Western Blot (Figure 3.6D).  These results demonstrate that 

antibodies produced by inoculation with purified split virus had strong reactivity to 

viral proteins and low reactivity to contaminating proteins.  
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Figure 3.6. Analysis of samples collected from ewes immunised with the purified 

split influenza virus.  Sheep were inoculated with the purified split 

influenza virus (approximately 0.28mg of protein per dose) on day 0 and 

booster inoculations were given on day 14 and 28 post primary injection.  

Test bleeds and milk samples were collected on days 0, 14 and 28.  Bulk 

blood and milk samples collected on days 42 and 58 (protocol outlined in 

Figure 3.1B).  A) Collected serum samples were tested in a 

hemagglutination inhibition assay against influenza A/PR8.  The last 

dilution to inhibit the hemagglutination of red blood cells by the virus was 

determined as the endpoint titre.  B) Collected serum and whey samples 

were tested in a microneutralisation assay against influenza A/PR8.  The 

last dilution to completely inhibit the cythopathic effect of the virus was 

determined as the endpoint titre.  C) Day 45 hyper-immune sheep serum 

with the highest microneutralisation endpoint titre was blotted against 

crude and purified influenza viral protein antigens.  Lanes: 1) Molecular 

weight marker, 2) Concentrated cell culture supernatant containing virus, 

and 3) Purified influenza virus.  D) Day 45 hyper-immune sheep serum 

with the highest microneutralisation endpoint titre was blotted against 

mock-infected cell culture supernatant and BSA.  Lanes: 1) Molecular 

weight marker, 2) Mock-infected cell culture supernatant, and 3) 1% BSA.  

Arrows indicate major bands.   
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3.3.4  Recombinant HA (rHA)  

After the unsuccessful attempt at purification of the HA and NA directly from the 

influenza A virus virions (Appendix A4), a recombinant influenza HA (rHA) protein was 

produced by transfecting COS-7 cells with a mammalian expression vector containing 

the full-length HA sequence from influenza A/PR8 virus (pkCMVint.HA).  To confirm the 

rHA expression by COS-7 transfection, fractions from anti-HA agarose affinity 

purification were analysed by SDS-PAGE and Western blot (Figure 3.7).  SDS-PAGE 

analysis after anti-HA agarose purification showed a reduction in the total protein 

concentration of the eluted fractions compared to the starting cell culture 

supernatant.  Contamination of eluted fractions could occur due to the protocol 

whereby, centrifuging and removing the supernatant from the pelleted agarose, with 

failure to remove all of the supernatant contaminated subsequent fractions.  

 

Western analysis detected multiple proteins within this preparation by the hyper-

immune anti-influenza mouse serum (Lane 3, Figure 3.4).  It was concluded, in line with 

previously published research, that the protein at approximately 25kDa most likely 

corresponded to HA2 (Shaw et al., 2011).  However, while the protein band of 

approximately 50kDa is likely to contain HA1, 1% BSA showed a similarly sized 

although weak band (Lane 1, Figure 3.4).  The Western blot and SDS-PAGE data 

indicate that the rHA was contaminated with components of the cell growth media.  A 

major component of the contaminating media is Fetal Calf Serum (FCS); however 

transfection of COS-7 cells with the pkCMVint.HA in the absence of FCS failed to 

produce significant levels of rHA (Lane 6, Figure 3.4).  Therefore, the first elution 

fraction from the anti-HA agarose was selected as the rHA antigen.  To confirm the 

presence of rHA protein, a hemagglutination assay was performed, all fractions 

containing rHA failed to hemagglutinate chicken RBC.  This result is consistent with 

other rHA production research where hemagglutination did not occur without 

appropriate folding of the rHA (Weldon et al., 2010).  The amount of protein in the rHA 

was determined to be approximately 0.2mg/mL per dose. 

  

It was hoped that the rHA would be immunogenic even with the contamination 

therefore; two lactating ewes were immunised with the rHA (Figure 3.1B).  
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Immunisation of the sheep with rHA failed to induce significant neutralising anti-HA 

serum antibody titres measured by HAI assay (Figure 3.8A).  A single peak was seen in 

one of the sheep on day 42; however the endpoint titre was only 20 and considered to 

be negative.  No neutralising anti-HA antibodies were measured in the whey of these 

immunised animals (Table 3.1).  No neutralising antibody responses were detected in 

the serum of the sheep immunised with the rHA by MN assay (Figure 3.8B).  However, 

an endpoint titre of 40 was measured in the whey samples collected on day 58 as 

determined by MN analysis for both rHA immunised sheep (Figure 3.10B).  Serum from 

these sheep also failed to inhibit NA in the NAI assay (Table 3.2). 

 

Western blotting of serum from the sheep immunised with the rHA against purified 

influenza virus and concentrated cell culture supernatant containing influenza virus 

showed binding to polypeptides only from the concentrated cell culture supernatant 

which contained influenza virus (Figure 3.8C).  The antibody binding at approximately 

50kDa was suggestive of reactivity to HA1.  However, the absence of a similar band in 

the purified virus preparation meant HA1 specificity could not be determined 

conclusively.  To determine whether the antibodies were cell culture media-specific, 

serum from rHA immunised sheep was blotted against mock-infected cell culture 

supernatant and BSA.  Strong responses to a number of cell culture specific antigens 

including polypeptides at approximately 50kDa were demonstrated (Figure 3.8). 

Unfortunately, it was therefore concluded that the major immunogenic component of 

the rHA antigen was the cell culture media components.  
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Figure 3.7. SDS-PAGE analysis of purification of rHA from COS-7 transfected cell 

supernatant using anti-HA agarose.  Coomassie blue stained gel 

(reducing 10% SDS-PAGE gel) of rHA purification.  From left to right; 

Lane 1) Molecular weight marker, 2) Flow through from the anti-HA 

agarose binding of supernatant from COS-7 cells transfected with 

pkCMVint.HA, 3) First elution fraction from the anti-HA agarose, and 4) 

Combined elution fractions 2 to 10 from the anti-HA agarose.   
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3.3.5  HA DNA plasmid with rHA protein boost 

The mammalian expression vector containing the full-length HA sequence from 

influenza A/PR8 virus (pkCMVint.HA) had previously been generated in Professor 

Berry’s laboratory (Murdoch University) and was verified to express the full-length HA 

transgene (Abdad, 2004).  Agarose gel analysis of the purified DNA plasmid, showed 

plasmid integrity, and the fragmentation after XhoI restriction enzyme digestion, 

confirmed the HA gene insert.  DNA plasmid production and purification produced a 

yield of approximately 6mg/mL of plasmid from 1L of Terrific broth.  

 

A DNA plasmid prime followed by rHA boost inoculation protocol was used in an 

attempt to optimise the antibody response (Figure 3.1B).  Inoculation with the 

influenza virus HA DNA plasmid/protein boost did not produce any significant 

neutralising anti-HA antibodies measured by the HAI assay, even after protein boost 

(Figure 3.9A).  A single increase was seen in one sheep immunised with this DNA 

plasmid but the peak antibody level only reached a 1 in 10 dilution on day 58, and was 

considered negative.  Furthermore, no anti-HA antibodies were detected in the whey 

of these sheep as measured by HAI (Table 3.1).  However, anti-influenza virus 

antibodies were detected in both the serum and whey of these sheep with day 72 

titres greater than 40 by MN (Figure 3.9B).  Anti-serum from these immunised animals 

failed to inhibit NA activity (Table 3.2). 
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Figure 3.8. Analysis of samples collected from ewes immunised with rHA.  Sheep 

were inoculated with the rHA (approximately 0.2mg of protein per dose) 

on day 0 and booster inoculations were given on day 14 and 28 post 

primary injection.  Test bleeds and milk samples were collected on days 0, 

14 and 28.  Bulk blood and milk samples collected on days 42 and 58 

(protocol outlined in Figure 3.1B).  A) Collected serum samples were 

tested in a hemagglutination inhibition assay against influenza A/PR8.  

The last dilution to inhibit the hemagglutination of red blood cells by the 

virus was determined as the endpoint titre.  B) Collected serum and whey 

samples were tested in a microneutralisation assay against influenza 

A/PR8.  The last dilution to completely inhibit the cythopathic effect of 

the virus was determined as the endpoint titre.  C) Day 45 hyper-immune 

sheep serum with the highest microneutralisation endpoint titre was 

blotted against crude and purified influenza viral protein antigens.  Lanes: 

1) Molecular weight marker, 2) Concentrated cell culture supernatant 

containing virus, and 3) Purified influenza virus.  D) Day 45 hyper-immune 

sheep serum with the highest microneutralisation endpoint titre was 

blotted against mock-infected cell culture supernatant and BSA.  Lanes: 1) 

Molecular weight marker, 2) Mock-infected cell culture supernatant, and 

3) 1% BSA.  Arrows indicate major bands.   

 

 



 

 
3-32 

 

  

 

 

 

 

 

 

 

 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 

D 

E 

 

A 

B 

1     2        3 

87kDa 

52kDa 

36kDa 

19kDa 

  1      2     3 

150kDa 

75kDa 

C 

D 

0 10 20 30 40 50 60 70
0

2

4

6

8
Sheep 10 Serum
Sheep 11 Serum
Sheep 10 Whey
Sheep 11 Whey

Days post-inoculation

N
eu

tra
lis

in
g 

tit
re

 (l
og

2)

0 10 20 30 40 50 60 70
0

1

2

3

4
Sheep 10
Sheep 11

Days post-inoculation

An
ti-

H
A 

tit
re

 (l
og

2)

0 20 40 60 80
0.0

0.5

1.0

1.5

2.0
Sheep 10
Sheep 11

Days post-inoculation

Ab
so

rb
an

ce
 (4

05
nm

)



 

 
3-33 

 

 

 

 

Figure 3.9. Analysis of samples collected from ewes immunised with influenza 

virus HA DNA plasmid.  Sheep were inoculated with the HA DNA 

plasmid (approximately 0.1mg of DNA per dose) on day 0. Booster 

inoculations were given on day 14 and 28 post primary injection with 

the HA DNA plasmid and a final boost with rHA (0.2mg) was given on 

day 42.  Test bleeds and milk samples were collected on days 0, 14, 28 

and 42.  Bulk blood and milk samples collected on days 58 and 72 

(protocol outlined in Figure 3.1B).  A) Collected serum samples were 

tested in a hemagglutination inhibition assay against influenza A/PR8.  

The last dilution to inhibit the hemagglutination of red blood cells by the 

virus was determined as the endpoint titre.  B) Collected serum and 

whey samples were tested in a microneutralisation assay against 

influenza A/PR8.  The last dilution to completely inhibit the cythopathic 

effect of the virus was determined as the endpoint titre.  C) Day 72 

hyper-immune sheep serum with the highest microneutralisation 

endpoint titre was blotted against crude and purified influenza viral 

protein antigens.  Lanes: 1) Molecular weight marker, 2) Concentrated 

cell culture supernatant containing virus, and 3) Purified influenza virus.  

D) Day 72 hyper-immune sheep serum with the highest 

microneutralisation endpoint titre was blotted against mock-infected 

cell culture supernatant and BSA.  Lanes: 1) Molecular weight marker, 2) 

Mock-infected cell culture supernatant, and 3) 1% BSA.  Arrows indicate 

major bands.  E) Absorbance levels of an anti-DNA plasmid construct 

(pkCMVint.HA) ELISA.  The ELIAS plate was coated with DNA plasmid 

construct (pkCMVint.HA) and serum from sheep immunised with the 

DNA plasmid was tested at a serum dilution of 1 in 200.   
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Western blotting of anti-serum collected from the sheep immunised with the DNA 

plasmid against purified influenza virus and concentrated cell culture supernatant 

containing influenza virus showed an antibody reactivity to only components 

contained within the concentrated virus supernatant (Figure 3.9C).  In the 

concentrated cell culture supernatant containing virus binding to a protein of 

approximately 50kDa was observed, likely to contain HA1.  However, similar to the rHA 

antibody response, the lack of a corresponding antibody binding in the purified 

influenza preparation makes it unlikely that the antibodies were anti-HA1 specific.  The 

same serum was then blotted against mock-infected cell culture supernatant and BSA 

(Figure 3.9D).  Here strong antibody reactions were visible against both of these 

antigens.  Therefore, the band detected by Western blot against concentrated cell 

culture supernatant containing virus is likely to be cell culture contaminants of the rHA 

preparation used to boost the sheep. 

 

Investigation as to whether antibodies were produced against the DNA plasmid 

construct (pkCMVint.HA) itself was undertaken by performing an ELISA using the DNA 

plasmid as the capture antigen (Figure 3.9E).  A strong anti-DNA plasmid antibody 

response was seen in the two sheep immunised with the DNA and protein boosted.  

Interestingly, up to day 42, the antibody response against the plasmid construct was 

low but increased significantly after the boost with the rHA. 
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Table 3.3.  Summary of antigen characteristics and immunogenicity. 
 
 

Antigen Components Specificity 

HA NA Other 

Inactivated virus culture supernatant (IVCS) Whole virus and cell culture + - Cell Culture 

Concentrated inactivated virus culture 

supernatant (CIVCS) 

Whole virus and cell culture ++ + Cell Culture 

Purified split virus Virus +++ + Possible M1 and NP 

rHA rHA and cell culture - - Cell Culture 

DNA plasmid/rHA boost Plasmid, rHA and cell culture - - Cell Culture, DNA 

plasmid backbone 
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3.4 Discussion 

In this chapter procedures aimed at developing an effective viral antigen preparation 

capable of inducing robust, viral neutralising, antibody responses in sheep were 

explored.  To this end a number of viral antigens were prepared and characterised and 

their immune potency evaluated.  Depending on the preparation process these 

differed markedly both in composition and immunogenicity.  A summary of the 

immune responses induced in sheep by these virus antigen preparations is given in 

Table 3.3.  

 

The inactivated virus culture supernatant antigen preparation was easy to produce, 

crude antigen containing influenza virus which can potentially be produced quickly 

during a pandemic.  Vaccines produced in this manner have been used successfully to 

produce protective anti-influenza virus antibodies, specifically for birds, which can 

neutralise highly virulent challenge virus (James et al., 2007b; James et al., 2008).  The 

production method for the inactivated virus culture supernatant retained both the 

virus components and cell media used to support virus propagation.  Consequently, 

the ratio of influenza viral antigens to cell culture media components was low.  

Nevertheless, an antibody response was produced after inoculation with the 

inactivated virus culture supernatant, which was able to neutralize influenza virus as 

assessed by the MN assay.  However, only low levels of anti-HA antibodies were 

measured in the HAI test.  By western blot analysis a strong antibody response to cell 

culture components within this antigen preparation was apparent.  Therefore, while 

the antigen induced an anti-influenza virus response, potentially more potent antigen 

preparations needed to be explored.     

    

To increase the amount of influenza viral antigens delivered during inoculation a 

concentrated inactivated virus culture supernatant was prepared.  This antigen 

preparation had greater influenza viral antigen concentrations while retaining the cell 

culture media derived from virus propagation.  Western blot analysis indicated that 

viral components within this antigen preparation were recognised by the hyper-

immune anti-influenza virus mouse serum and influenza virus was detected by the 

TCID50 assay prior to inactivation.  The ratio of the viral antigen components to cell 
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culture media within this preparation was similar to that of the inactivated cell culture 

supernatant as they were both concentrated.  A neutralising anti-influenza virus 

response in sheep immunised with the concentrated inactivated virus culture 

supernatant was produced in both the serum and whey, measured by both HAI and 

MN.  Western blot analysis detected a strong antibody response to cell culture 

components within this antigen preparation.  As a quickly produced antigen for the 

inoculation of cattle, this antigen preparation could be effective.  

 

The purification of influenza virus by sucrose gradient removed detectable 

components of the cell culture media used to propagate the virus whilst leaving the 

virus intact.  Indeed, this antigen preparation contained the highest ratio of influenza 

viral antigens to contaminates of all the antigens produced.  Purified virus was able to 

hemagglutinate chicken RBC and react with hyper-immune anti-influenza virus mouse 

serum, as detected by Western Blot.  While the purification of the virus requires extra 

steps, which during a pandemic will increase the time to vaccine availability, it is 

routinely performed in seasonal influenza vaccine manufacture and so in many 

laboratories no new infrastructure would be required (reviewed in Hendriks et al., 

2011).  The highest anti-influenza viral antibody response in both serum and whey of 

immunised sheep was obtained using the purified influenza virus antigen.  There are 

probably two major reasons for the strong humoral response to this purified influenza 

virus; firstly, the minimal contamination with the cell culture components and 

secondly, the antigen preparation had the highest viral protein concentration.  Analysis 

of the nature of the ovine antibody response revealed a range of components 

targeted.  Others have found that a similar influenza A virus antigen produced high 

levels of anti-influenza antibodies in the colostrum of dairy cows (Ng et al., 2010).  

Therefore, purification of the influenza virus before use in immunisation is favourable 

for the production of a strong neutralising anti-influenza virus antibody response. 

 

While HA is the major immunogenic surface protein and anti-HA antibodies neutralise 

the virus and prevent binding to cells, anti-NA antibodies can also provide protection.  

Vaccines which have the two proteins at similar concentrations result in a greater 

immune response to both viral proteins (Bosch et al., 2010).  Purification of HA and NA 
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directly from the influenza A/PR8 virus strain was unsuccessful (Appendix A4), leading 

to the attempted preparation of a rHA.  Purification of the rHA from the supernatant of 

transfected COS-7 cells using anti-HA agarose was not achieved with a large portion of 

the remaining protein derived from the cell culture media.  Hyper-immune anti-

influenza virus mouse serum blotted against the rHA recognised two protein 

polypeptides, corresponding to HA1 and HA2.  The rHA failed to hemagglutinate 

chicken RBC, potentially as it was not folded as is required for hemagglutination of 

chicken RBC (Weldon et al., 2010).  The rHA protein showed little promise in eliciting 

antibody responses to HA in sheep, as no antibodies were detected in either the HAI or 

the MN assays.  As observed in the Western blots using the mock-infected cell culture 

supernatant and BSA antigens, the major immunogenic response in sheep inoculated 

with the rHA protein was against cell culture components.  The low ratio of rHA to cell 

culture components probably contributed to low levels of virus-specific antibodies. 

Better methods of purification of the rHA protein would be required to make it more 

immunogenic.  Simmons et al (2005) produced anti-H5 sheep serum using a rHA 

protein.  However, no details of the production or purification methods of the rHA 

were reported despite achieving HAI endpoint titres of greater than 2,000.   

 

The pkCMVint.HA DNA plasmid has previously been characterised in the Berry 

laboratory (Abdad, 2004).  The production methods used here produced large gram 

quantities of plasmid-containing bacteria using litre quantities of media relatively 

quickly.  DNA plasmid vaccines produce highly specific neutralising antibodies and in a 

pandemic scenario, DNA plasmid vaccines could be available to vaccinate the 

population more rapidly than using currently available vaccine production methods 

employing eggs (reviewed in Donnelly et al., 2005).  Although, the HA DNA plasmid did 

not induce HA inhibiting antibodies as determined by HAI assay, there was a 

neutralising response in the serum measured by MN.  This difference could be due to 

the antibodies binding to epitopes on the HA which prevent virus replication but not 

hemagglutination.  The DNA plasmid plus rHA protein boost immunisation protocol 

resulted in higher levels of neutralising antibodies than the rHA protein alone, 

consistent with previous reports (Chen et al., 1998; Torrieri-Dramard et al., 2010; Wei 

et al., 2010).  Furthermore, a stronger anti-influenza antibody response using the DNA 
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influenza virus HA plasmid may have been induced if the rHA protein boost employed 

had been a more purified influenza virus product.  Alternatively, the use of 

electroporation may have increased the antibody response using the DNA plasmid 

(Donnelly et al., 2005).  The DNA influenza virus HA plasmid construct ELISA showed an 

antibody response generated in the sheep against the plasmid construct, although not 

until after the rHA protein boost, the reason for this is unclear.  

 

A number of factors can therefore be identified which influence the levels of influenza 

virus neutralising antibodies induced in animals including: 1) antigen purity, 2) total 

viral concentration and 3) the presences of viral components which induce neutralising 

antibodies.  The purification of influenza virus from the cell culture media removed cell 

culture contaminates and resulted in increased neutralising anti-viral antibody titres.  

The concentrated inactivated virus culture supernatant had a higher concentration of 

viral proteins compared to the inactivated virus culture supernatant and generated 

greater neutralising antibody titres.  While all of the antigen preparations were 

thought to contain antigens which would induce neutralising antibodies it is possible 

that the rHA protein, especially if the rHA was not folded to expose the appropriate 

immunogenic sites, would not induce neutralising antibodies.    

 

Production of anti-influenza virus specific antibodies from a continuous source, such as 

milk from lactating ruminants, provides the opportunity to yield adequate therapeutic 

doses to implement as an adjunct to control the spread of influenza virus during the 

early stages of a pandemic (Alisky, 2009).  In this study, antibody production was 

induced in the milk of lactating ewes by injection of viral antigens into the gluteal 

muscle mass of the hind leg.  Generally, greater anti-viral antibody concentrations in 

the whey were produced in those sheep with higher serum anti-viral antibody levels.  

The immunising method used here is probably not optimal for stimulating high milk 

antibody titres. Perhaps direct stimulation of supramammary lymph nodes of the 

mammary gland epithelium might be more effective for future investigations.  

 

This chapter outlines the production of a range of influenza A/PR8 virus antigen 

preparations, which were used to immunise lactating ewes to determine their 
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immunogenicity and specificity in the serum and whey of the immunised animals.  

Significant anti-influenza viral responses were observed only in those sheep, which 

were immunised with the purified split virus, although other antigen preparations also 

showed weak virus specific antibody responses.  Two neutralising antibody 

preparations (IgG purified from the serum of crude inactivated immunised sheep and 

purified split virus immunised sheep) were chosen for further studies of protective 

efficacy in an in vivo mouse model of influenza and are presented in the following 

chapters.  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4 

Investigation of influenza-specific ruminant polyclonal 

antibodies in a mouse model of influenza.  
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4.1 Introduction 

Passive administration of anti-influenza antibodies has been used to treat human 

patients effectively (Luke et al., 2006; Zhou et al., 2007; Hung et al., 2011).  One of the 

main advantages of passive immunity, its immediate effect, allows the opportunity to 

break the cycle of infection at an early stage whilst the total virus pool is small.  The 

deployment of influenza antibodies on a large scale depends on the availability of an 

adequate source.  As indicated in Chapter 3, appropriate antibodies induced in bovine 

milk could provide a potential solution to this problem. Although, only a few studies 

have used anti-influenza ruminant polyclonal antibodies (RPA), these provide evidence 

of their potential.  Intraperitoneal (IP) injection of anti-serum or purified ruminant IgG 

prevents influenza virus infection (Kris et al., 1988; Wong et al., 1994; Mbawquike et 

al., 1999; Lu et al., 2006; Hanson et al., 2006).  However, continued administration of 

RPA by IP injection increases the possibility of illness, such as serum sickness and other 

adverse effects (reviewed in Weltzin and Monath, 1999).   

 

The respiratory mucosa must allow for vital gas exchange while preventing the entry of 

pathogens to the body.  Application of antibodies to the external mucosa of the 

respiratory tract (RT) reduces the adverse side effects of systemic injection of 

heterologous antibody.  Intranasal (IN) application of the antibody has other 

advantages, most notably the ability to neutralise influenza virus in the mucosal lining 

of the respiratory tract preventing virus enter to cells.  Ruminant anti-influenza virus 

IgG has been administered IN prior to challenge with a lethal influenza virus where it 

prevented virus related death and reduced clinical manifestations of disease (Wong et 

al., 1994; Ng et al., 2010).  Finally, IN application of antibody directly to the site of 

influenza virus infection reduces the antibody concentration required to produce the 

same protective levels as provided by the IP administration of the antibody (Sakabe et 

al., 2010).   

 

While much research has focused on high neutralising antibody preparations, other 

preparations with low neutralising capacity have also been effective at preventing 

influenza virus infection.  Anti-M2 antibodies which do not neutralise the virus have 

been passively administered prior to influenza virus infection and have been effective 

at preventing/reducing infection (Treanor et al., 1990; Liu et al., 2003; Liu et al., 2004b; 
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Straight et al., 2008; Wang et al., 2008b; Grandea et al., 2010).  Non-neutralising anti-

NA antibodies have been shown to reduce the amount of replicating virus 

(Mozdzanowska et al., 1999).  Anti-NP antibodies have been shown to increase the 

speed of virus clearance without neutralisation (Carragher et al., 2008).  Anti-HA 

antibodies with low neutralising capacity are able to efficiently protect against 

influenza virus infection when passively administered (Mozdzanowska et al., 1997).   

 

A number of animal models of influenza viral infection exist which have been used, 

including mouse, ferret, guinea pig and non-human primate models (reviewed in 

Belser et al., 2011; Margine and Krammer, 2014), each with their own advantages and 

disadvantages.  For example, in the murine model mice do not exhibit many of the 

symptoms of human influenza infection such as coughing, sneezing, nasal discharge 

and fever (reviewed in Belser et al., 2011; Margine and Krammer, 2014) and a murine 

transmission model of influenza virus infection is not widely available (Price et al., 

2014).  In addition, adapted viral strains are necessary for initiating infection in mouse 

models which may result in significant variation from the initial strain (reviewed in 

Margine and Krammer, 2014; Thangavel and Bouvier, 2014).  Also, generally in the 

mouse model of influenza virus infection the infection and tissue damage is of the 

lower respiratory tract which during uncomplicated human infection it remains in the 

upper respiratory tract (reviewed in Bouvier and Lowen, 2010).  However, the mouse 

model of influenza infection provides an important starting point for testing vaccines 

and determining drug efficacy (reviewed in Thangavel and Bouvier, 2014).  The 

advantages of the mouse model being that mice are relatively inexpensive, a wide 

range of reagents are available and the production of knockout mice which enables the 

investigation of detailed processes (reviewed in Margine and Krammer, 2014).  Here 

the well-established BALB/c and influenza A/PR8 mouse model of influenza is used to 

investigate the effectiveness of passive immunotherapy with influenza-specific 

ruminant polyclonal antibodies. 

 

This chapter presents a series of studies using anti-influenza virus IgG purified from 

sheep serum with the aim to protect mice from infection, and investigate any potential 

modifications arising to the active host immune response.  Modifications of the host 
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immune response to the virus were investigated, by measuring various parameters 

including cellular influx, humoral response and lung histopathological change. 

 

4.1.1 Chapter Aims 

The specific aims of this chapter were: 

1)   To establish a mouse influenza virus infection model, examining an infection 

dose response. 

2)  Conduct preliminary antibody studies using a low neutralising antibody initially: 

i)   To investigate the effects, if any, to challenged mice. 

ii)  To assess the risk of administration of foreign protein via intranasal route. 

iii)  To assess the value of heterologous antibody usage in the respiratory tract. 
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4.2 Methodology 

For detailed material and methods information see Chapter 2.  In this chapter, results 

are presented on the use of low neutralising anti-influenza virus IgG preparation used 

to prevent influenza virus infection of mice (section 2.2.24).  The immunoglobulins 

were purified by Protein G affinity chromatography from the serum of sheep which 

had been inoculated with the inactivated virus cell culture supernatant (section 

2.2.22).  Purification of IgG from serum using Protein G resin is a routine procedure 

wherein the Protein G strongly binds sheep IgG (Birch and Racher, 2006).  

 

To investigate the protective efficacy of the purified IgG, mice were administered IN 

either PBS or 125µg of anti-influenza IgG 1 hour prior to IN challenge with 102TCID50 

influenza A/PR8.  Administration 1 hour prior to challenge was selected to ensure 

antibody would be present in the airways when the virus was delivered as has been 

successfully used by others (Sui et al., 2009; Kashyap et al., 2010; Sakabe et al., 2010; 

Wang et al., 2010).  The concentration, 125µg of anti-influenza IgG, was selected 

because this dose of antibody was known to neutralise a dose of 102TCID50 influenza 

virus in vitro as determined by the MN assay.  The results presented for the PBS 

treated mice throughout this chapter are a compilation of the PBS control mice 

infected across three experiments.  Samples were collected and stored according to 

methods outlined in detail in sections 2.2.29 to 2.2.32.  Viral titres within the lungs 

were determined by performing tissue culture infective dose (TCID50) assays (2.2.3).  

Differential cell counts were performed on the cells recovered in BAL fluid (2.2.33).  

Lung histopathology was performed on selected samples (2.2.32).  Protein 

concentration in BAL fluid was determined by Bio-Rad assay (2.2.19).  Finally, antibody 

titres were measured in serum by ELISA for anti-sheep IgG and anti-influenza virus IgG 

levels (2.2.20).    
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4.3 Results 

4.3.1  IgG Purification  

Serum was selected as the antibody source as it provided the requisite quantities of 

antibody from smaller volumes than that possible to obtain from whey.  Work within 

the group demonstrated a twenty times higher anti-OVA specific antibody 

concentration in serum versus milk-derived whey (Ford, 2012).  Protein G 

chromatography produced repeatable chromatographs with flow through and elution 

peaks (Figure 4.1).  Determination of the purity of the elution fraction by SDS-PAGE 

showed that use of the Protein G resin resulted in the removal of significant quantities 

of contaminating serum proteins (Figure 4.2).  The reduced purified IgG separated by 

SDS-PAGE demonstrates the characteristic heavy (50kDa) and light (25kDa) chain 

bands of immunoglobulin with significantly less contaminating protein compared to 

the whole serum and column flow through. 

 

It was essential that the purification process did not affect the ability of the antibodies 

to neutralise the virus, the antibodies were subsequently tested in vitro using a 

microneutralisation (MN) assay.  The whole sheep serum had a MN endpoint titre of 

640.  The flow through fraction had an MN endpoint titre of 8, whilst the purified IgG 

component had a titre of 320.  While there was a reduction in the endpoint titre of the 

purified IgG, this is most likely due to a combination of inevitable loss and dilution of 

the antibody inherent during the fractionation process.   
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Figure 4.1. A representative chromatograph of the purification of IgG from 2mL of 

sheep serum using Protein G.  The blue line represents the UV 

absorbance (protein) at 280nm and the red line is the electrical 

conductivity (salt concentration).   
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Figure 4.2. Characterisation of IgG purified from sheep serum using Protein G 

affinity chromatography.  A Coomassie Blue stained gel (reducing 10% 

SDS-PAGE) of fractions after the purification of IgG using Protein G 

affinity chromatography.  Lanes: 1) Molecular Weight marker, 2) Whole 

sheep serum, 3) Protein G column flow through fraction, 4) Purified IgG 

fraction and 5) Molecular Weight marker.  The heavy (~50kDa) and light 

(~25kDa) chains of IgG are indicated by the arrows.   
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4.3.2 Optimisation of Influenza Virus Dose 

To ensure a sub-lethal but consistent influenza virus infection of mice, a virus dose 

response experiment was performed.  Three groups of adult BALB/c mice were 

infected via the IN route with different doses of influenza A/PR8 virus; specifically the 

doses included 102 TCID50, 101.5 TCID50 and 101 TCID50.  Mice were monitored for 

weight loss and clinical scores for a period of 10 days post-infection (Figure 4.3).  The 

range of virus doses resulted in different courses of infection corresponding to the 

clinical signs.  Thus, the lowest virus dose of 101 TCID50 elicited minimal weight loss and 

clinical scores, and was not utilized for further animal experiments.  The 101.5 TCID50 

influenza virus dose produced increases in weight loss and clinical score at a peak time 

point of day 8.  However, this time point was considered to be too late for a study of 

acute infection as proposed here.  The highest virus dose of 102 TCID50 produced 

significant weight loss and increased clinical scores peaking at day 5-6 post-infection.  

Therefore, the 102 TCID50 influenza virus dose was selected as the standard dose for 

use in future experiments as it provided an acute sub-lethal infection with obvious 

clinical effects. 

 

There appeared to be a biphasic pattern in the changes of the clinical signs of influenza 

virus infection, with an initial increase followed by a slight dip and then by a second 

increase.  This pattern is likely an artefact of the requirement to humanely euthanise 

mice as they reach pre-determined criteria.  When these mice were removed from the 

calculation of the group mean, the affected group mean was reduced resulting in the 

appearance as though the clinical scores had been diminished.   

  



 

4-10 
 

2 4 6 8 10

-20

-15

-10

-5

0

5

102 TCID50 PR8

101.5 TCID50 PR8

101 TCID50 PR8

Days post-infection

Bo
dy

 w
ei

gh
t c

ha
ng

e 
(p

er
ce

nt
ag

e)

 

0 2 4 6 8 10
0

1

2

3

4
102 TCID50 PR8

101.5 TCID50 PR8

101 TCID50 PR8

Days post-infection

C
lin

ic
al

 S
co

re

 

Figure 4.3 Comparison of clinical expression of varying doses of influenza A/PR8 

virus infecting BALB/c mice.  Female BALB/c mice (8-10 weeks) were 

infected IN with doses of 102 TCID50 (n=17), 101.5 TCID50 (n=7) or 101 

TCID50 (n=16) in 25µL of PBS while lightly anaesthetised.  Means ± 

Standard Error of the Mean (SEM) are shown.  Results presented here 

are a compilation of 2 experiments.  A) Weight loss was measured daily 

post-infection and expressed as a percentage of weight at day 0.  B) 

Clinical scores are defined as 0) Healthy mice, 1) Barely ruffled fur, 2) Fur 

ruffled but active, 3) Fur ruffled, inactive, 4) Fur ruffled, inactive, 

hunched and 5) Dead.    
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4.3.3 Effect of low neutralising anti-influenza virus IgG on experimental influenza 

i) Clinical Signs 

As shown in the previous section, infection of mice with influenza A/PR8 resulted in 

weight loss and changes in behaviour indicative of the severity of infection.  In these 

experiments purified ruminant anti-influenza IgG was administered IN 1 hour before IN 

challenge with 102TCID50 influenza A/PR8 virus.  The weight loss experienced by the 

group receiving the anti-influenza antibodies was significantly reduced compared to 

that of the PBS-treated group (Figure 4.4A), while the weight loss in the PBS group 

increased rapidly from day 3 post-infection, before returning to pre-challenge weights 

by about day 12.  In contrast, the antibody treated group remained at pre-infection 

weights until day 7 post-infection where subsequently, there was an increase in the 

weight loss of the group between days 7 and 9.  The weight loss in the antibody pre-

treated group indicated that complete neutralisation of the virus had not occurred.   

 

Supporting the weight loss findings, the clinical scores of the two groups were 

significantly different by day 3 (Figure 4.4B).  The PBS-treated group developed clinical 

signs quickly from day 3, peaking between days 5 and 7 and returning to normal on 

day 10 post-infection.  While the antibody-treated group developed signs much later 

with clinical scores peaking on day 8 and returning to normal on day 10.  The severity 

of the clinical signs experienced by the two groups was also different with the PBS 

group peaking at an average clinical score of approximately 2 and the antibody group 

peaking at approximately 0.5.  The weight loss and clinical score results indicate that 

the antibody prophylaxis delayed the onset of weight loss presumably by reducing the 

amount of replicating virus.     

 

ii) Lung Viral Titres 

To test whether the reductions in the clinical manifestations of the infection 

corresponded to reductions in replicating virus, lung virus titres were determined on 

day 3 post-infection.  Three days post-infection was selected as previous studies have 

shown peak virus replication at this time point (Zee et al., 1979; Sakai et al., 2000; 

James et al., 2007a).  An antibody dose response was performed to investigate the 

relationship between antibody dose and lung virus titres with mice pre-treated with 

doses of 125µg, 62.5µg and 12.5µg of antibody.  Replicating virus levels in the antibody 
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pre-treated mouse groups were not statistically different from those of the PBS 

controls (Figure 4.5).  The result of the 125µg antibody pre-treatment group appears to 

be contradictory to the weight loss and clinical signs described above.  While there was 

no significant difference in the virus levels with antibody pre-treatment some 

individual mice pre-treated with 125µg or 62.5µg antibody had no detectable virus in 

the lungs, suggesting possible partial protective effects for these groups.  Interestingly, 

there was an increase in the group mean lung virus titre from the PBS to the 12.5µg 

antibody pre-treated group, from 2.8 logs to 3.6 logs, respectively.  The higher mean of 

the lung virus titre of mice pre-treated with 12.5µg of antibody was significantly 

different to the mice treated with 62.5µg of antibody.  Weight loss and clinical scores 

on day 3 of mice pre-treated with 62.5µg or 12.5µg of antibody were similar to those 

of the 125µg antibody pre-treated group (data not shown).    
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Figure 4.4.  Comparison of clinical expression of influenza A/PR8 virus infection in 

PBS- and antibody-pretreated mice.  Female BALB/c mice (8-10 week 

old) were administered either 25µL of PBS (n=24) or 125µg of anti-

influenza IgG (n=25) IN one hour prior to challenge with 102TCID50 

influenza A/PR8 virus.  Results represent the compilation of 3 separate 

experiments with the mean ± SEM shown.  A) Weight loss was measured 

daily post-infection and expressed as a percentage of the weight on day 

0.  B) Clinical scores were defined as 0) Healthy mice, 1) Barely ruffled 

fur, 2) Fur ruffled but active, 3) Fur ruffled, inactive, 4) Fur ruffled, 

inactive, hunched and 5) Dead.  Mann-Whitney t-test compared PBS to 

the antibody group on each day. *p <0.05, **p <0.01 and ***p <0.001.  

A 
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Figure 4.5.   Lung virus titres on day 3 post infection with 102TCID50 influenza 

A/PR8 virus.  Treatment was given to lightly anaesthetised female 

BALB/c mice (8-10 week old) IN 1 hour prior to IN challenge with 

102TCID50 influenza A/PR8 virus.  Treatment groups consisted of PBS 

(n=10), 125µg (n=10), 62.5µg (n=5) or 12.5µg (n=6) of anti-influenza IgG.  

Results represent the compilation of 3 separate experiments.  Individual 

titres and the mean ± SEM are shown for lung homogenates.  The 

dotted line represents the limit of detection. ANOVA with post-test 

Tukey’s comparison was performed. *p<0.05 between the groups dosed 

with 62.5µg and 12.5µg of low neutralising anti-influenza antibody. 
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iii) Bronchial Cellular Infiltration 

Total and differential cell counts were performed on cells recovered from the airways 

by bronchial alveolar lavage (BAL) of the influenza A/PR8 virus-infected mice to 

investigate the cellular changes.  Total cell numbers of the mice treated with either 

125µg or 62.5µg of anti-influenza IgG were above the PBS control group although not 

statistically significant at day 3 post-infection (Figure 4.6A).  The cell numbers 

decreased in an antibody dose dependent manner.  While the degree of infiltration 

was not statistically different, it appears that increased antibody concentration 

stimulates the influx of greater cell numbers to the airways.   

 

The cell populations recovered in the BAL fluid of the PBS control mouse group had 

approximately 70% neutrophils present, with the remaining 30% being predominantly 

monocytes (Figure 4.6B).  The different antibody dose groups all had similar levels as 

each other with neutrophils infiltrating the lungs accounting for between 40 and 55% 

of the cell population.  These percentages were lower than the PBS control group.  The 

percentage of lymphocytes was low across all groups.   

 

In terms of the total cell numbers of both monocytes and neutrophils, the 125µg 

antibody dose group showed more of both cell types than the PBS group (Figure 4.6C).  

Monocyte numbers in the other two antibody doses were similar to the PBS control 

group.  The numbers of neutrophils decreased with the decreasing antibody dose to 

below PBS control levels in the 62.5µg and 12.5µg antibody dose groups.  There was no 

change in the lymphocyte population across the groups.  The cell smears of the BAL 

fluid in all treatment groups showed significant levels of cellular damage and evidence 

of activation of macrophages with vacuolation (Figure 4.6D and E).   
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Figure 4.6.  Cell populations recovered by BAL fluid of mice on day 3 post-infection 

with influenza A/PR8.  Female BALB/c (8-10 week old) mice were pre-

treated with 25µL of PBS (n=7), 125µg (n=8), 62.5µg (n=4), or 12.5µg 

(n=5 or 6) of anti-influenza IgG IN one hour prior to IN challenge with 

102TCID50 influenza A/PR8 virus BAL fluid was collected on day 3 post-

infection.  Results represent the compilation of 3 experiments with the 

mean ± SEM shown.  A) Total cell numbers.  White cell populations were 

counted and expressed as B) percentages and C) total cell number.  D) A 

representative cell smear of the BAL collected from the PBS-treated 

mice.  E) A representative cell smear of the BAL fluid collected from a 

mouse treated prophylactically with 125µg of anti-influenza IgG.  Red 

arrows indicate macrophages and black arrows indicate neutrophils.   
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Figure 4.7. Cell populations recovered by BAL fluid of mice on day 14 post-

infection with influenza A/PR8.  Female BALB/c (8-10 weeks old) mice 

were treated with 25µL of PBS (n=2) or 125µg of anti-influenza IgG (n=4 

or 6) IN one hour prior to IN challenge with 102TCID50 influenza A/PR8 

virus.  Results represent the compilation of 2 experiments with the 

mean ± SEM shown.  A) Total cell numbers.  White cell populations were 

counted and expressed as B) percentages and C) total cell number.  D) A 

representative cell smear of the BAL fluid collected from the PBS-

treated mice.  E) A representative cell smear of the BAL fluid collected 

from the 125µg of anti-influenza IgG pre-treated mice.  Red arrows 

indicate macrophages.    

D E 
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Total cell numbers had decreased by day 14 post-infection in the PBS control and 

125µg antibody treated groups (Figure 4.7A).  Total cell numbers of the control PBS 

and antibody group were similar at this time point and there was a tenfold reduction 

to the numbers recovered on day 3 post-infection.  By day 14, the differential cell 

counts were dominated by monocytes, accounting for nearly 100% of the cells in both 

the 125µg antibody prophylaxis and PBS control groups, while the neutrophil 

percentage was negligible (Figure 4.7B).  However, the number of monocytes 

recovered in the BAL fluid of the mice pre-treated with 125µg of antibody was not 

significantly higher than that of the PBS control group.  A mainly monocyte cell 

population within the lung is consistent with the normal cellular composition which is 

predominately comprised of alveolar macrophages (Holt et al., 1985).  There was no 

difference in the lymphocyte population across groups.  Cell smears of the day 14 BAL 

fluid samples consisted predominately of non-activated macrophages with an absence 

of neutrophils (Figure 4.7D and E).  

 

iv) Humoral Response  

To investigate the adaptive immune response to IN instillation of the heterologous 

sheep IgG, an anti-sheep IgG ELISA was performed on serum collected from antibody 

pre-treated and virus infected mice surviving until day 14 (Figure 4.8A).  Mice treated 

with anti-influenza virus sheep IgG produced a strong anti-sheep IgG antibody 

response, which was statistically significant, while those treated with PBS had no 

positive anti-sheep IgG response.   

 

An advantage of antibody prophylaxis is that an anti-influenza virus host antibody 

response may be mounted while the initial infection is prevented.  To determine 

whether the mice produced an anti-influenza virus antibody response, serum from 

mice surviving to day 14 post-infection was assessed using an anti-influenza virus ELISA 

(Figure 4.8B).  Measurable levels of anti-influenza virus mouse IgG were detected in 

the serum of mice treated with either antibody or PBS.  The levels of detectable anti-

viral antibodies were similar in both groups of mice thus indicating that specific 

ruminant anti-viral antibody did not interfere with adaptive immunity for this regime.    
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Figure 4.8.  Humoral immune response in serum collected from mice on day 14 

post-influenza virus infection.  Female BALB/c (8-10 week old) mice 

received 25µL of PBS (n=5 or 4) or 125µg of anti-influenza IgG (n=8 or 6) 

IN 1 hour prior to IN challenge with 102TCID50 influenza A/PR8 virus.  

Serum was collected on day 14 and the endpoint titre for ELISA was 

determined as the dilution where the absorbance level was above 0.15.  

Results represent the compilation of 2 experiments.  The individual 

endpoint titres are shown with the mean ± SEM. A) Endpoint titres of 

mouse serum in an anti-sheep IgG ELISA.  B) Endpoint titre of mouse 

serum in an anti-influenza virus ELISA.  Mann-Whitney t-test was 

performed. **p<0.01.    

A 

B 
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v) Lung Histopathology 

Lung histology was examined on day 3 post-infection of the mice treated with PBS or 

125µg of anti-influenza IgG (Figure 4.9).  Influenza virus infection resulted in severe 

vascular congestion, possible alveolar disruption and cellular infiltration.  The 

inflammatory cell infiltration was diffuse with cells infiltrating the alveolar spaces.  

There did not appear to be significant cell infiltration around the larger airways or 

blood vessels.  Interestingly, mice pre-treated with the 125µg of anti-influenza virus 

antibody showed more severe cellular infiltration compared to the PBS controls which 

had mild infiltration, consistent with the results of the cell counts.  

 

vi) Protein Concentration in BAL fluid 

Protein concentration in BAL fluid has been used as an indicator of edema and vascular 

leakage and hence as a correlate with lung pathology (Zee et al., 1979; Tate et al., 

2009).  Increased protein in the bronchial lavage results from increased vascular 

leakage.  Protein concentrations were determined for the BAL fluid collected from 

mice after euthanasia on day 3 or 14 post-infection (Figure 4.10).  There were no 

statistical differences between the protein concentrations in the BAL fluid from the 

different groups of mice euthanised on day 3 or day 14.  The protein concentration in 

the day 3 BAL sample of mice pre-treated with 125µg or 12.5µg of antibody was 

slightly lower than the PBS control group.  The protein concentrations on day 14 were 

half that recovered from mice euthanised on day 3.  Protein concentrations of BAL 

samples taken at day 14 corresponded to those previously reported in a normal mouse 

lung (Zee et al., 1979). 
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Figure 4.9. Representative examples of the histopathology of mice on day 3 post 

influenza virus challenge.  Female BALB/c (8-10 week old) mice received 

either 25µL of PBS or 125µg of anti-influenza IgG IN 1 hour prior to IN 

challenge with 102TCID50 influenza A/PR8 virus.  Mice were euthanised 

on day 3 post infection and lung fixed and Haematoxylin and Eosin (H & 

E) stained.  A)  Mouse treated with PBS 1 hour prior to influenza virus 

challenge.  B) Mouse treated with 125µg of anti-influenza IgG 1 hour 

prior to influenza virus challenge.   
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Figure 4.10.   Protein concentration in BAL fluid of mice after influenza virus 

challenge.  Female BALB/c (8-10 week old) mice pre-treated IN 1 hour 

prior to IN challenge with 102TCID50 influenza A/PR8 virus.  Protein 

concentrations in BAL fluid were performed using Bio-Rad assay.  A) Day 

3 post-infection, treatment groups consisted of 25µL of PBS (n=4), 

125µg (n=3), 62.5µg (n=4), or 12.5µg (n=5) of anti-influenza IgG.  Results 

represent the compilation of 3 experiments with the mean ± SEM 

shown.  B) Day 14 post-infection treatment groups consisted of 25µL of 

PBS (n=6) and 125µg of anti-influenza IgG (n=10).   Results represent the 

compilation of 3 experiments with the mean ± SEM shown.  
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4.4 Discussion 

Anti-influenza IgG with low neutralising capacity did not significantly reduce the lung 

viral titres in mice challenged with influenza virus.  On day 3 post-infection, mice 

receiving 125µg of anti-influenza IgG had replicating virus levels similar to those of the 

PBS control group.  However, these mice had significant reductions in the clinical signs 

of virus infection.  Two potential mechanisms could be responsible for these actions 

both involving the antibodies modifying or augmenting the host immune response.    

 

The most likely mechanism through which the antibodies are reducing the clinical signs 

of infection is by reducing the cytokine response.  The release of cytokines in response 

to influenza virus infection has been demonstrated to be associated with causing the 

clinical symptoms of disease (Kurokawa et al., 1996; Hayden et al., 1998).  The 

antibodies could be preventing components of the virus from being recognised by the 

pattern recognition receptors on cells, which initiate cytokine production.  Similar 

results were observed by Rockman et al (2011) in a ferret study.  Ferrets treated with 

anti-H5N1 HPAI human serum had replicating virus on day 3 post-infection while there 

was slight weight loss, ferrets remained well with significant increases in survival rates 

compared to PBS controls.  Several of the highly pathogenic avian influenza (HPAI) 

H5N1 virus strains cause ‘cytokine storms’ in humans (Peiris et al., 2009).  If these 

antibodies are acting by lowering the cytokine response to the virus then they could be 

important tools for use with virus strains which hyper-induce cytokines.   

     

The second mechanism by which the antibodies could be acting is by increasing the 

cellular response to the virus.  In the respiratory tract, there is a fine balance in the 

defence against an invading pathogen and pathology associated with that defence.  

During influenza virus infection there is a significant influx of neutrophils to the airways 

(Sakai et al., 2000; Schmitz et al., 2005; Hashimoto et al., 2007; Tate et al., 2008; Tate 

et al., 2009; Tate et al., 2011; Tate et al., 2012), which could be exacerbated by 

immune complexes forming within the lung (Ravetch and Bolland, 2001; Gao et al., 

2006).  Therefore, it is important to understand what impact the delivery of 

heterologous antibody to the lung surface has on the cell populations within the 

airway.  Here, antibody pre-treatment did not significantly alter the lung cellular 

environment from that of the PBS controls.  There was an increase in neutrophil 
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numbers recovered from the airways of mice pre-treated with 125µg of antibody.  As 

stated above, the reason for this could be antibody-virus immune complexes. It is 

unlikely to be inherent to the heterologous antibody as delivery of non-specific sheep 

IgG to mouse lung by the IN route does not recruit cells to the lung (Ford, 2012).  

Neutrophil influx to the lung in response to influenza virus infection has previously 

been shown not to increase the clinical signs of illness in mice (Tate et al., 2011). 

 

Lung histopathology was consistent with the cell counts in the BAL fluid, with the lungs 

of the mice pre-treated with 125µg of antibody having greater cellular infiltration into 

the lungs of PBS controls.  The lung histopathology results presented here show that 

the antibody pre-treated group had greater cellular infiltration within the lung. A 

possible reason for the cell infiltration is the formation of immune-complexes between 

the virus and antibody which promote the infiltration of lungs in the respiratory tract 

(Ravetch and Bolland, 2001; Gao et al., 2006).  

 

Interestingly, 3 of the 5 mice treated with 62.5µg of anti-influenza virus IgG had no 

detectable virus in their lungs on day 3 post-infection.  The reason for this is difficult to 

ascertain as the PBS control group also had one mouse without replicating virus and 

the 125µg treatment group also had 3 mice with no detectable virus.  Therefore, 

whether an increased sample size in the 62.5µg antibody group would result in mice 

with replicating virus present is not clear.  There was an increase in the amount of 

replicating virus in the 12.5µg antibody dose group compared to PBS controls and the 

reason for this could be a prozone-like effect of the antibody (Taborda et al., 2003).  

However, the increase in replicating virus levels did not change the clinical score in this 

mouse group on day 3 post-infection (data not shown).  Together, these results 

suggest that the antibody was modifying the host immune response to the virus. 

 

The host ability to mount a humoral immune response was not modified by antibody 

pre-treatment.  The production of an anti-sheep IgG antibody response is unlikely to 

affect repeated delivery of the antibodies.  Previous work using anti-influenza virus 

chicken IgY given IN showed no change in the protective capacity of the antibody upon 

repeated delivery even though anti-IgY antibodies were produced in the mice (Nguyen 

et al., 2010).  An advantage of immune-prophylaxis could be the ability to produce an 
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adaptive immune response to the virus while reducing disease severity.  Results 

presented here are the first to focus on the adaptive immune response to influenza 

virus after passive immunotherapy.  Similar levels of antibody were produced in PBS 

and antibody pre-treated mice as assessed by the anti-influenza virus ELISA, suggesting 

that these mice are not immunologically naive to the virus.  Whether the anti-influenza 

virus antibodies are protective against re-infection was outside the scope of this 

project, and would be important for future studies.     

 

The results presented in this chapter demonstrate preliminary evidence of the validity 

of applying heterologous anti-influenza virus IgG to the respiratory tract to modify the 

influenza virus infection.  While not preventing virus replication, the anti-influenza 

virus IgG did reduce the clinical signs of infection, suggesting that low neutralising 

antibodies are potentially influencing the interaction of the virus and the host immune 

system.  These antibodies appear to augment the cellular response to influenza virus 

by increasing the numbers of neutrophils potentially leading to faster virus clearance.  

However, antibodies with low titre neutralising capacity are not ideal for use in a 

clinical setting as they do not reduce virus load and thus do not limit virus spread.  The 

mechanism by which the clinical signs were reduced could be due to reductions in the 

levels of cytokines produced in response to the virus when the antibody is present.  

Subsequent chapters will present investigations of antibody preparations with high 

influenza virus neutralising capacity and the cytokine response to the virus and 

antibody treatment. 

 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 5 

Influence of influenza-specific ruminant polyclonal antibodies 

in a mouse model of influenza: Application of high neutralising 

anti-influenza virus antibodies.  
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5.1 Introduction 

Previous experiments with a suboptimal IgG antibody preparation showed decreased 

clinical symptoms of influenza without decreased pulmonary influenza virus levels on 

day 3 (Chapter 4).  This raised the question of how the antibodies were exerting their 

effect and whether the use of a more potent antibody preparation could eliminate 

virus replication entirely.  Antibody prophylaxis has been shown to be effective at 

preventing influenza virus replication whether whole IgG or F(ab’)2 fragments were 

used (Wong et al., 1994; Ramisse et al., 1998; Dreffier et al., 2003; Hernandez et al., 

2003; Mozdzanowska et al., 2003; Sakabe et al., 2010; Shao et al., 2011).  

Mozdzanowska et al (2003) showed that there was a slight difference in the level of 

protection provided by the whole IgG versus the F(ab’)2 fragments, which led them to 

conclude that the mechanism was not completely Fc-independent.   

 

In order to investigate these aspects, a new antibody preparation with higher 

neutralising titre than that previously used was tested in vivo.  Furthermore, an 

investigation of the Fc-dependence of the antibody-mediated protection by using 

F(ab’)2 fragments of the ovine IgG antibody preparations was also performed.  Finally, 

the temporal effects of antibody administration were investigated. 

 

5.1.1 Chapter Aims 

The specific aims of this chapter were: 

1)   To investigate the effects of high neutralising titre antibodies on influenza virus 

infection in a mouse model. 

2)  To investigate how disease dynamics are affected by: 

i)  Antibody concentration. 

ii)  IgG compared to F(ab’)2. 

iii)  Timing of antibody administration. 
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5.2 Methodology 

For detailed information of material and methods see Chapter 2.  Antibodies used 

throughout this chapter were purified from the hyper-immune serum of ewes 

inoculated with the purified split influenza A/PR8 virus antigen preparation (section 

2.2.24).  IgG antibodies were purified from the serum by Protein G affinity 

chromatography (2.2.22).  To produce F(ab’)2 fragments, IgG was digested with pepsin 

(2.2.34).   

 

Three experimental comparisons were made throughout this chapter.  First, to 

investigate the mechanism of the passive protection, mice were treated with anti-

influenza virus IgG, anti-influenza virus F(ab’)2, non-specific IgG or non-specific F(ab’)2 

(section 5.3.2).  Mice were treated via the intranasal (IN) route 1 hour prior to IN 

challenge with 102TCID50 influenza A/PR8 virus.  A subset of mice were euthanised on 

day 3 post-infection to collect lungs for viral titres, histology and bronchial alveolar 

lavage (BAL) fluid, while the rest were monitored to day 14 post-infection.   Secondly, a 

dose response was performed, whereby mice were treated 1 hour prior to challenge 

with 102TCID50 influenza A/PR8 virus with varying doses of anti-influenza virus IgG and 

F(ab’)2 (section 5.3.3). In the clinical setting, it is unlikely that antibody would be 

delivered 1 hour prior to encountering virus, therefore mice were treated with 125µg 

of anti-influenza virus specific IgG 7 days, 3 days, or 1 day prior to or 1 day after 

challenge with 102TCID50 influenza A/PR8 virus (section 5.3.4).  PBS results presented 

throughout this chapter are a compilation of the PBS control mice infected across four 

separate experiments.  Similarly, results of 125µg of anti-influenza virus specific IgG or 

F(ab’)2 delivered 1 hour prior to influenza virus challenge are presented throughout for 

comparison.   Samples were collected and stored according to methods outlined in 

sections 2.2.29 to 2.2.32.  Viral titres within the lungs were determined by performing 

TCID50 assays (2.2.3).  Differential cell counts were performed on the cells recovered in 

BAL fluid (2.2.33).  Lung histopathology was performed on selected samples (2.2.32).  

The protein concentration in BAL fluid was determined by Bio-Rad assay (2.2.19).  

Finally, antibody titres were measured in serum by ELISA for anti-sheep IgG (2.2.20) 

and by microneutralisation (MN) assay for anti-influenza virus responses (2.2.16). 
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5.3 Results  

5.3.1 F(ab’)2 fragmentation using pepsin 

A pilot digestion of IgG using pepsin was undertaken to optimise the production of 

F(ab’)2 fragments, which was determined to occur after 24 hours at 37oC and was 

subsequently used to produce large quantities of F(ab’)2.  IgG digestion using pepsin 

results in the production of F(ab’)2 fragments of 110kDa size along with Fc fragments of 

less than 50kDa (Figure 5.1).  SDS-PAGE interrogation showed this method generated a 

purified F(ab’)2 fragments with the characteristic 110kDa-sized protein band under 

non-reducing conditions and minimal contamination by Fc fragments (Figure 5.2).  

These F(ab’)2 fragments were tested in the MN assay and retained most of the 

neutralising capacity of the whole IgG molecule (Table 5.1). 

 

5.3.2 Effect of highly neutralising anti-influenza virus IgG on experimental influenza 

i) Clinical Signs 

Weight loss and clinical scores were again used as an indication of the severity of 

influenza virus infection (Figure 5.3).  No weight loss occurred in mice which received 

pre-treatment with either anti-influenza virus IgG or F(ab’)2 with these mice continuing 

to gain weight over the course of the experiment.  Mice receiving PBS showed peak 

weight loss at day 7 which returned to normal levels by day 9.  Mice receiving the non-

specific whole IgG had lower weight loss than PBS controls with both a lower peak 

weight loss and an earlier return to baseline weights.  Mice pre-treated with non-

specific F(ab’)2 reached euthanasia cut-offs earlier than the most severely affected PBS 

control mice with greater degrees of weight loss.  Differences in the group weights 

were significant by ANOVA on days 3 and 7 with post-test analysis showing that the 

anti-influenza virus IgG and F(ab’)2 pre-treated groups were significantly different to 

the PBS, non-specific IgG and non-specific F(ab’)2 groups.   
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Figure 5.1. Schematic of IgG digestion into F(ab’)2 fragments by pepsin.  Digestion 

of IgG with pepsin results in the production of F(ab’)2 fragments with an 

approximate size of 110kDa and Fc fragments of less than 50kDa.   
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Table 5.1. Microneutralisation endpoint titres of the antibody preparations at a 

starting concentration of 5mg/mL. 

Preparation Virus Neutralisation Titre 

Anti-influenza IgG 16000 

Anti-influenza F(ab’)2 8000 

Non-specific IgG <10a 

Non-specific F(ab’)2 <10a 

aDetection limit of the assay 
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Figure 5.2. Characterisation of IgG and F(ab’)2 fragments produced by pepsin 

digestion.  A Coomassie Blue stained 10% SDS-PAGE gel of fractions 

after the fragmentation of IgG using pepsin to produce F(ab’)2 

fragments.  Lanes: 1) Molecular Weight marker, 2) Non-reduced purified 

anti-influenza IgG, 3) Reduced anti-influenza IgG, 4) Non-reduced anti-

influenza F(ab’)2, 5) Reduced anti-influenza F(ab’)2, and 6) Molecular 

Weight marker.  Arrows indicate the heavy (50kDa) and light (25kDa) 

chains of immunoglobulin. 
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The clinical scores data were consistent with the weight loss findings as the mice 

showed no clinical signs of virus infection when receiving either anti-influenza virus IgG 

or F(ab’)2 (Figure 5.3B).  Mice pre-treated with PBS showed significant clinical scores by 

day 3 post-infection which peaked on day 7 before returning to normal levels on day 

10.  These differences were significant from day 2 to 9.  Mice which received the non-

specific IgG had lower peak clinical scores than PBS controls, although not statistically 

significant, mice within this pre-treatment group also returned to a clinical score of 0 

earlier than the PBS control group (day 8).  Consistent with the weight loss findings, 

pre-treatment with non-specific F(ab’)2 fragments resulted in greater clinical scores 

than those of the PBS group.  The higher weight loss and clinical scores in the mice pre-

treated with non-specific F(ab’)2 was not considered to be an indication of 

augmentation of the infection by the non-specific F(ab’)2 but the result of differences 

in group size.   

 

ii) Lung Viral Titres 

A number of mice from each group were euthanised on day 3 post-infection in order to 

measure peak lung viral titres to determine the influence of the antibody treatments 

on pulmonary viral replication (Figure 5.4).  Both anti-influenza IgG and F(ab’)2-treated 

groups had no recoverable influenza virus which contrasted with both the PBS and 

non-specific control groups indicating that the antibodies had prevented virus 

replication.  The levels of replicating virus in mice pre-treated with non-specific IgG 

were one log lower than PBS controls which was a statistically significant difference 

indicating a non-specific protective capacity of sheep IgG.  Protection was not provided 

by the non-specific F(ab’)2 which had similar levels of replicating virus in mice as those 

of the PBS control.   

 

iii) Bronchial Cellular Infiltration 

The total cell numbers recovered in BAL fluid samples on day 3 post-infection were 

significantly higher in the PBS group than the anti-influenza virus IgG and F(ab’)2 pre-

treated groups (Figure 5.5A).  Non-specific IgG pre-treated mice had lower cell 

numbers than PBS control mice although this reduction was not statistically significant. 

Non-specific F(ab’)2 pre-treated mice had similar cell numbers in the BAL fluid as the 

PBS control mice.   
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Of particular interest were the day 3 differential cell counts of the different treatment 

groups.  On day 3 post-infection, the PBS, non-specific IgG and non-specific F(ab’)2 pre–

treated groups showed strong neutrophil infiltrations in the airways which accounted 

for approximately half of the cells recovered (Figure 5.5B).  This was consistent with a 

normal innate immune cellular response to an influenza virus infection.  In contrast, 

groups pre-treated with either anti-influenza virus IgG or F(ab’)2 had a predominate 

monocyte cell population within the airway with close to 100% monocytes, which was 

significantly different to the responses in the PBS and non-specific antibody groups.  

The numbers of monocytes were also lower in anti-influenza virus IgG, F(ab’)2 and non-

specific IgG groups than the PBS and non-specific antibody groups (Figure 5.5C).  While 

the non-specific IgG group had a 50% neutrophil cell population there were less cell 

numbers of both neutrophils and monocytes in this group than the PBS and non-

specific F(ab’)2 groups.  The representative cell smears demonstrate the differences in 

the activation levels of the macrophages present (Figure 5.5D).  Macrophages in both 

PBS and non-specific antibody-treated groups were heavily vacuolated indicating that 

they were activated while the anti-influenza virus IgG and F(ab’)2 pre-treatment groups 

displayed little or no vacuolation.  Lymphocytes made up a small proportion of the cell 

population recovered for all treatment groups. 

 

Comparisons of cell numbers recovered from mice surviving to day 14 were not 

significantly different across the treatment groups (Figure 5.6A).  The cell numbers on 

day 14 were lower than those recovered on day 3, with the PBS and non-specific IgG 

groups having approximately 4 and 2 fold reductions, respectively.  The differential cell 

counts on day 14 post-infection had returned to monocyte dominated cell populations 

in all groups with no differences between any of the treatment groups in either cell 

percentage or total cell numbers (Figure 5.6B and C).  Lymphocytes again accounted 

for a small proportion of the cells recovered in all treatment groups.   
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Figure 5.3. Comparison of clinical expression of influenza A/PR8 infection after 

challenge of mice.  Female BALB/c (6-10 week old) mice were 

administered 25µL of PBS (n=27), 125µg of anti-influenza virus IgG 

(n=14), 125µg of anti-influenza virus F(ab’)2 (n=10), 125µg of non-

specific sheep IgG (n=10) or 125µg of non-specific sheep F(ab’)2 (n=10) 

IN 1 hour prior to IN challenge with 102TCID50 influenza A/PR8 virus.  

Results presented here are a compilation of 4 experiments with mean ± 

Standard Error of the Mean (SEM) shown.   A) Mice were weighed daily 

post-infection and percentage weight change was expressed as a 

percentage of the day 0 weight.  B) Clinical scores were defined as 0) 

Healthy mice, 1) Barely ruffled fur, 2) Fur ruffled but active, 3) Fur 

ruffled, inactive, 4) Fur ruffled, inactive, hunched and 5) Dead.  ANOVA 

with post-test Tukey’s comparison was performed for each day and the 

indicated statistical significance is the ANOVA result.*p<0.05, **p<0.01 

and ***p<0.001.    
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Figure 5.4. Lung viral titres on day 3 after challenge with influenza A/PR8 virus.  

Treatment was given IN 1 hour prior to challenge of lightly anesthetised 

female BALB/c (6-10 week old) mice.  Treatment groups consisted of 

either PBS (n=16), 125µg of anti-influenza virus IgG (n=9), 125µg of anti-

influenza virus F(ab’)2 (n=5), 125µg of non-specific sheep IgG (n=5) or 

125µg of non-specific sheep F(ab’)2 (n=5). Results presented here are a 

compilation of 4 experiments.  Dotted line represents the limit of 

detection.  Individual titres and mean ± SEM are shown.  ANOVA with 

post-test Tukey’s comparison was performed.  **p<0.01 and 

***p<0.001 compared to PBS.   
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iv) Humoral Response 

The humoral responses induced in the mice over the 14 day time course of the study 

were investigated to determine the effect of antibody elimination of the virus on the 

development of a host adaptive immune response.  A strong anti-sheep IgG antibody 

response was detected in the day 14 serum of mice which received the whole anti-

influenza virus IgG, significantly more than the PBS control group and the non-specific 

IgG (Figure 5.7A).  No anti-sheep IgG antibodies were present in the mice receiving 

non-specific IgG and only 1 of the 4 mice receiving anti-influenza F(ab’)2 had detectable 

antibodies.   

 

To investigate whether an anti-influenza virus specific antibody response by the mice, 

influenza neutralising titres were determined in the day 14 serum by MN assay.  Anti-

influenza virus specific antibody responses were absent in the mice protected from 

influenza virus infection by anti-influenza virus IgG and F(ab’)2 (Figure 5.7B).  Both the 

mice pre-treated with PBS and non-specific IgG produced influenza neutralising titres 

with group averages of 1.76 and 2 logs, respectively, and were significantly higher than 

the protected mice pre-treated with anti-influenza IgG or F(ab’)2. 
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Figure 5.5.  Cell populations recovered by BAL of mice day 3 post-infection with 

influenza A/PR8.  BAL fluid was collected on day 3 post-infection from 

female BALB/c (6-10 week old) mice, administered 25µL of PBS (n=14), 

125µg of anti-influenza virus IgG (n=5), 125µg of anti-influenza virus 

F(ab’)2 (n=4), 125µg of non-specific sheep IgG (n=4) or 125µg of non-

specific sheep F(ab’)2 (n=5) IN 1 hour prior to IN challenge with 

102TCID50 influenza A/PR8 virus.  Results presented here are a 

compilation of 4 experiments with mean ± SEM shown.  A) Total cell 

numbers.  White cell populations were counted and expressed as B) 

percentages and C) total cell number.  ANOVA with post-test Tukey’s 

comparison was performed.  *p<0.05, **p<0.01 and ***p<0.001 

compared to PBS.  D) Representative cell smears of the BAL fluid from 

mice pre-treated with PBS (top left), 125µg of anti-influenza virus IgG 

(top right), 125µg of anti-influenza virus F(ab’)2 (bottom left) and 125µg 

of non-specific IgG (bottom right).  Red arrows indicate monocytes and 

black arrows indicate neutrophils.  
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Figure 5.6.  Cell populations recovered by BAL fluid of mice day 14 post-infection 

with influenza A/PR8.  BAL fluid was collected on day 14 from female 

BALB/c (6-10 week old) mice, administered 25µL of PBS (n=6), 125µg of 

anti-influenza virus IgG (n=5), 125µg of anti-influenza virus F(ab’)2 (n=5) 

or 125µg of non-specific sheep IgG (n=4) IN 1 hour prior to IN challenge 

with 102TCID50 influenza A/PR8 virus.  Results presented here are a 

compilation of 3 experiments with mean ± SEM shown.  A) Total cell 

numbers.  White cell populations were counted and expressed as B) 

percentages and C) total cell number.    
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Figure 5.7. Humoral immune response to influenza A/PR8 virus and sheep IgG.  

Endpoint antibody titres in day 14 post-infection serum, female BALB/c 

(6-10 week old) mice which received treatment IN 1 hour prior to IN 

challenge with 102TCID50 influenza A/PR8 virus.  Treatment groups 

consisted of PBS (n=5), 125µg of anti-influenza virus IgG (n=5), 125µg of 

anti-influenza virus F(ab’)2 (n=4) or 125µg of non-specific RPA (n=4).  The 

endpoint titre for ELISA was determined as the last dilution where the 

absorbance level was above 0.15, while the MN was the last dilution to 

neutralise 102TCID50.  Results presented here are a compilation of 3 

experiments.  Individual titres and Mean ± SEM are shown.  A) Anti-

sheep IgG response.  B) Influenza virus neutralising antibody titres 

assayed by MN. ANOVA with post-test Tukey’s comparison was 

performed.  *p<0.05 and **p<0.01 compared to PBS.   
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v) Lung Histopathology  

Comparison of Haematoxylin and Eosin (H&E) stained sections of lungs from anti-

influenza virus specific IgG and F(ab’)2 treated mice to PBS controls showed reductions 

in the levels of cell infiltration and vascular congestion  (Figure 5.8).  Mice protected by 

anti-influenza antibody pre-treatment had lung architecture similar to a normal mouse 

lung.  In the PBS control groups there was diffuse cell infiltration into the alveolar 

spaces, which was absent in the anti-influenza virus specific IgG and F(ab’)2 pre-treated 

groups.  However, anti-influenza virus specific F(ab’)2 pre-treated mice showed greater 

cellular infiltration than the anti-influenza IgG pre-treated mice which was particularly 

concentrated around the large airways.    

 

vi) Protein Concentration in BAL fluid 

Lung pathology was also assessed by the protein concentration in the BAL fluid (Figure 

5.9).  While no statistically significant differences were present between the treatment 

groups there was an indication of reductions in the groups which received treatment 

with anti-influenza virus IgG and F(ab’)2 and non-specific IgG.   
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Figure 5.8. Representative histopathology of mice challenged with influenza 

A/PR8 virus.  Female BALB/c (6-10 week old) mice which received 

treatment IN 1 hour prior to IN challenge with 102TCID50 influenza 

A/PR8 virus.  Mouse lungs were inflated with formalin then sectioned 

and H&E stained.  Lungs were collected on day 3 post-infection with 

influenza virus.  A) Lung from a mouse not challenged with influenza 

virus.  B) Lung from a PBS pre-treated mouse.  C) Lung from anti-

influenza virus specific IgG pre-treated mouse.  D) Lung from anti-

influenza virus specific F(ab’)2 pre-treated mouse.   
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Figure 5.9. Protein concentrations recovered in the BAL fluid on day 3 post-

infection with influenza A/PR8.  Female BALB/c (6-10 week old) mice 

received treatment IN 1 hour prior to IN challenge with 102TCID50 

influenza A/PR8 virus. Protein concentration in BAL fluid at day 3 post-

infection was determined by Bio-Rad assay.  Treatment groups consisted 

of either PBS (n=12), 125µg of anti-influenza virus IgG (n=4), 125µg of 

anti-influenza virus F(ab’)2 (n=4), 125µg of non-specific RPA (n=5) or 

non-specific F(ab’)2 (n=4).  Results presented here are a compilation of 4 

experiments with mean ± SEM shown.   
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5.3.3 Effect of antibody dose on experimental influenza infection 

i) Clinical Signs 

The effect of antibody dose on influenza prophylaxis was studied.  As indicators of the 

progress of the influenza virus infection, weight loss and clinical scores during the early 

stages of influenza infection can be inconsistent.  There was a significant reduction in 

the clinical scores of all but the mice receiving 0.1µg of anti-influenza IgG (Table 5.2).  

The results of the 125µg of anti-influenza virus IgG and F(ab’)2 presented above are 

shown throughout this section for comparison.  Weight loss on day 3 showed a 3% 

reduction in the PBS control group with all but the 0.1µg anti-influenza F(ab’)2 pre-

treated mouse group having weight gains to this point. Higher clinical scores were 

observed in mice receiving the lower IgG and F(ab’)2 doses, possibly indicating reduced 

protection at these doses.  However, as previously shown decreases in clinical score 

can be observed without reduced viral replication.  Therefore, whether the antibody 

was able to reduce replicating virus levels would only be clear after comparing lung 

viral titres of treated groups with PBS controls. 

 

ii) Lung Viral Titres 

Significant reductions in lung viral titres were found in the mice treated with all tested 

doses of the anti-influenza IgG (Figure 5.10A).  As previously demonstrated 125µg of 

anti-influenza IgG completely eliminated virus, as evident at day 3 post-infection, from 

the lung and this complete protection continued to a pre-treatment dose as low as 

12.5µg.  At doses lower than 12.5µg there were more mice in the group with 

replicating virus in the lungs, although for the 1µg treatment group there was only 1 

out of the 5 mice.  
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Table 5.2. Mean clinical manifestations of influenza infection in mice treated with anti-influenza IgG and F(ab’)2. 

a Mice were weighed daily and weight change expressed as a percentage of day 0 weight. 

b Clinical scores were defined as 0) Healthy mice, 1) Barely ruffled fur, 2) Fur ruffled but active, 3) Fur ruffled, inactive, 4) Fur ruffled, inactive, hunched 

and 5) Dead. 

c Mean ± SEM listed. ANOVA with post-test Tukey’s comparison was performed.  *p<0.05, **p<0.01 and ***p<0.001 compared to PBS. 

Group Day 1 post-infection Day 2  post-infection Day 3  post-infection 

 Weight Changea Clinical Scoreb Weight Change Clinical Score Weight Change Clinical Score 

PBS (n=27) 0.55±0.62 c 0.04±0.04 0.83±0.66 0.22±0.08 -2.76±1.10 1.65±0.12 

125µg anti-influenza IgG (n=14) 0.06±0.59 0±0 1.45±0.73 0±0 3.22±0.86 *** 0±0 *** 

62.5µg anti-influenza IgG (n=5) 1.05±0.46 0±0 0.71±1.20 0±0 2.16±0.68 0±0 *** 

12.5µg anti-influenza IgG (n=10) 2.25±1.01 0±0 3.10±1.38 0±0 1.37±0.61 0±0 *** 

1µg anti-influenza IgG (n=5) 4.02±1.80 ** 0±0 0.96±0.43 0±0 2.38±1.06 0±0 *** 

0.1µg anti-influenza IgG (n=5) 2.34±1.05 0±0 0.63±0.28 0±0 1.17±0.52 1±0.45 

125µg anti-influenza F(ab')2 (n=10) 0.99±0.94 0±0 1.20±0.95 0±0 2.23±1.14 0.1±0.1 *** 

12.5µg anti-influenza F(ab')2 (n=5) 7.11±1.01 *** 0±0 3.89±0.45 0.20±0.09 6.19±1.32 ** 0±0 *** 

1µg anti-influenza F(ab')2 (n=5) 5.86±0.65 ** 0±0 3.70±2.02 0.80±0.36*  3.54±1.57 0.80±0.36 * 

0.1µg anti-influenza F(ab')2 (n=5) 3.53±0.19 0±0 0.89±0.98 0.60±0.27 -0.2±1.66 0.80±0.36 * 
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Figure 5.10. Lung viral titres on day 3 after challenge with influenza A/PR8.  

Treatment was given IN 1 hour prior to IN challenge of lightly 

anesthetised female BALB/c (6-10 week old) mice.  Results presented 

here are a compilation of 4 experiments.  The dotted line represents the 

limit of detection.  Individual titres and the mean ± SEM are shown.  A) 

Treatment groups consisted of PBS (n=16), 125µg (n=9), 62.5µg (n=5), 

12.5µg (n=8), 1µg (n=5) and 0.1µg (n=5) of anti-influenza IgG.  B) 

Treatment groups consisted of PBS (n=16), 125µg (n=5), 12.5µg (n=5), 

1µg (n=5) and 0.1µg (n=5) of anti-influenza virus specific F(ab’)2. ANOVA 

with post-test Tukey’s comparison was performed.  **p<0.01 and 

***p<0.001 compared to PBS. 

A 

B 
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Significant reductions in replicating influenza virus levels within the lungs of the anti-

influenza F(ab’)2 pre-treated mice were also observed (Figure 5.10B).  At doses of 

125µg and 12.5µg of anti-influenza F(ab’)2 there was no detectable virus in all mice and 

4 out of the 5 mice tested, respectively.  At lower dilutions of F(ab’)2 the mean levels of 

replicating virus for the group began to increase.  However, there was elimination of 

virus in 2 of the 5 mice treated with both 1µg and 0.1µg of anti-influenza F(ab’)2, 

indicating that these doses are on the limit of the protective capacity of the F(ab’)2 

fragments.  There was a significant increase in the amount of replicating virus in the 

mice which received pre-treatment with 0.1µg of anti-influenza F(ab’)2 compared to 

mice pre-treated with 125µg of anti-influenza F(ab’)2 (p<0.05). 

 

iii) Bronchial Cellular Infiltration 

Total cell numbers recovered in the BAL fluid of mice euthanised on day 3 were 

significantly lower in the 125µg, 12.5µg and 1µg anti-influenza virus IgG dose groups 

than PBS controls (Figure 5.11A).  The 62.5µg anti-influenza virus IgG dose group was 

also lower than PBS but was not significantly, most likely because of lower animal 

numbers.  Increased numbers of cells were recovered in the BAL fluid from mice pre-

treated with 0.1µg of anti-influenza IgG than the other antibody doses.   

 

The mouse groups given 125µg, 62.5µg and 12.5µg of anti-influenza virus IgG all had 

predominately monocyte cell populations in the BAL fluid which differed significantly 

to the PBS control group (Figure 5.11B).  The cell populations recovered from the 

airways of mice pre-treated with anti-influenza virus IgG doses of 1µg and 0.1µg 

showed increases in the percentage of neutrophils within the BAL fluid.  Lymphocyte 

numbers remained low across all pre-treatment groups. 

 

The number of monocytes recovered in the BAL fluid of mice pre-treated with anti-

influenza virus IgG at doses of 125µg, 62.5µg, 12.5µg and 1µg were lower than the PBS 

control (Figure 5.11C).  Groups pre-treated with 125µg, 62.5µg and 12.5µg of anti-

influenza virus IgG had low numbers of neutrophils and in the case of 125µg and 

12.5µg were significantly less than the PBS control.  While the 1µg pre-treatment 

group had approximately 35% neutrophils, the absolute number was 10 fold lower 

than that recovered in the PBS controls.  Pre-treatment with 0.1µg of anti-influenza 
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virus IgG had increased numbers of both monocytes and neutrophils compared to the 

other antibody doses, however these numbers remained lower than the PBS control 

group.  

 

The F(ab’)2 pre-treated groups showed no significant differences to the PBS control 

group in total cell numbers recovered (Figure 5.12A).  Mice given the anti-influenza 

F(ab’)2 doses of 125µg and 12.5µg had lower cell numbers recovered in the BAL fluid 

than the PBS control.  There was a dose dependent increase in the numbers of cells 

recovered from the airways of mice receiving decreasing concentrations of anti-

influenza F(ab’)2.   

 

Similar results were observed with the F(ab’)2 dose response in the cell populations 

recovered from the lungs of the mice pre-treated with anti-influenza virus F(ab’)2 

(Figure 5.12B and C).  Mice receiving pre-treatment with 125µg and 12.5µg of anti-

influenza virus F(ab’)2 had monocyte dominated cell populations with the percentage 

of neutrophils significantly less than the levels in the PBS control.  There was an 

increase in the percentage of neutrophils recovered in the two other anti-influenza 

virus F(ab’)2 pre-treatment lower dose groups, although they were not as high as the 

PBS control group.  Again the lymphocyte population remained low and consistent 

across the groups. 

   

Cell numbers within the mice groups receiving pre-treatment with 125µg and 12.5µg 

of anti-influenza virus F(ab’)2 had lower monocyte and neutrophil numbers compared 

to the PBS control group (Figure 5.12C).  While the mice receiving doses of 1µg and 

0.1µg of anti-influenza virus F(ab’)2 showed increases in the neutrophil numbers within 

the cell population, with the 0.1µg dose having similar numbers to the PBS control 

group.  Also, the 0.1µg dose of anti-influenza virus F(ab’)2 had a higher number of 

monocytes than the PBS controls.   
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Figure 5.11. Cell populations recovered by BAL fluid on day 3 post-infection after 

pre-treatment with varying anti-influenza virus IgG doses.  Female 

BALB/c (6-10 week old) mice were administered 25µL of PBS (n=14 or 

13), 125µg (n=5), 62.5µg (n=3), 12.5µg (n=7 or 8), 1µg (n=4) or 0.1µg 

(n=4 or 3) of anti-influenza virus IgG IN one hour prior to IN challenge 

with 102TCID50 influenza A/PR8.  Results presented here are a 

compilation of 4 experiments with mean ± SEM shown.    A) Total cell 

numbers.  White cell populations were counted and expressed as B) 

percentage and C) total cell number.  ANOVA with post-test Tukey’s 

comparison was performed.  *p<0.05 and **p<0.01 compared to PBS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5-28 
 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Monocytes Neutrophils Lymphocytes
0.0

2.0

4.0

6.0

8.0
PBS

125g
12.5g
1g
0.1g An

ti-
in

flu
en

za
F(

ab
') 2

C
el

ls
/m

L 
(x

 1
05 )

 

 

 

 

 

 

 

 

A 

B 

C 

PBS 125g 12.5g 1g 0.1g 
0.0

5.0

10.0

15.0

Anti-influenza F(ab')2

C
el

ls
/m

L 
(x

 1
05 )

Monocytes Neutrophils Lymphocytes
0

20

40

60

80

100
PBS

125g
12.5g
1g
0.1g

** ** ***

An
ti-

in
flu

en
za

F(
ab

') 2

D
iff

er
en

tia
l c

el
l c

ou
nt

 (p
er

ce
nt

ag
e)



 

5-29 
 

 

 

 

 

 

 

 

Figure 5.12. Cell population recovered from BAL fluid on day 3 post-infection after 

pre-treatment with varying concentrations of anti-influenza virus 

F(ab’)2 doses.  Female BALB/c (6 to 10 week old) mice were 

administered 25µL of PBS (n=14 or 13), 125µg (n=4), 12.5µg (n=5), 1µg 

(n=4 or 3) or 0.1µg (n=5) of anti-influenza virus F(ab’)2 IN 1 hour prior to 

IN challenge with 102TCID50 influenza A/PR8.  Results presented here are 

a compilation of 4 experiments with mean ± SEM shown.    A) Total cell 

number.  White cell populations were counted and expressed as B) 

percentage and C) total cell number.  ANOVA with post-test Tukey’s 

comparison was performed.  *p<0.05 and **p<0.01 compared to PBS.  
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iv) Lung Histopathology 

At the highest concentration of anti-influenza virus IgG and F(ab’)2 doses lung 

histopathology illustrated reduced lung damage in these mice (representative 

examples shown in Figure 5.13).  However, as the dose of anti-influenza virus specific 

IgG or F(ab’)2 treated mice decreased the amount of cell infiltration within the alveolar 

spaces increased.  There were specific differences between mice pre-treated with 

F(ab’)2 compared to the IgG pre-treated group, again mice pre-treated with F(ab’)2 had 

greater cell influx particularly concentrated around the large airways, this is 

particularly evident when the lower dose of IgG or F(ab’)2 were used.   

 

v) Protein Concentration in BAL fluid 

The protein concentration in the BAL fluid of mice treated with the different doses of 

anti-influenza virus IgG and F(ab’)2 showed dose-dependent trends, although there 

were no statistically significant differences (Figure 5.14).  Pre-treatment with the anti-

influenza virus IgG at doses of 125µg, 62.5µg and 12.5µg had reduced protein 

concentrations in the BAL fluid compared to PBS controls which then increased at the 

lowest antibody doses of 1µg and 0.1µg.  Similarly, anti-influenza virus F(ab’)2 doses of 

125µg and 12.5µg had reduced protein concentrations compared to the PBS controls 

which again increased at the lowest doses.  Similar levels of protein were present in 

the BAL fluid of both anti-influenza virus IgG and F(ab’)2 treated mouse groups.  
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Figure 5.13. Representative histopathology of mice challenged with influenza 

A/PR8 virus.  Female BALB/c (6 to 10 week old) mice were administered 

125µg or 1µg of anti-influenza virus IgG or F(ab’)2 IN 1 hour prior to IN 

challenge with 102TCID50 influenza A/PR8.  Mouse lungs were inflated 

with formalin then sectioned and H&E stained.  Lungs were collected on 

day 3 post-infection with influenza virus.  A) Lung from a mouse pre-

treated with 125µg of anti-influenza virus specific IgG.  B) Lung from a 

mouse pre-treated with 1µg of anti-influenza virus specific IgG.  C) Lung 

from a mouse pre-treated with 125µg of anti-influenza virus specific 

F(ab’)2.  D) Lung from a mouse pre-treated with 1µg of anti-influenza 

virus specific F(ab’)2.  

  

A B 

C D 

A 



 

5-32 
 

 

PBS 125g 62.5g 12.5g 1g 0.1g
0

200

400

600

Anti-influenza IgG

Pr
ot

ei
n 

co
nc

en
tra

tio
n 

(µ
g/

m
L)

 

 

PBS 125g 12.5g 1g 0.1g
0

100

200

300

400

500

Anti-influenza F(ab')2

Pr
ot

ei
n 

co
nc

en
tra

tio
n 

(µ
g/

m
L)

 

Figure 5.14.   Protein concentrations in the BAL fluid recovered from mice on day 3 

post infection.  Female BALB/c (6-10 week old) mice received treatment 

IN 1 hour prior to IN challenge with 102TCID50 influenza A/PR8 virus.  

BAL fluid was recovered from mice on day 3 post-infection and protein 

concentration was determined by Bio-Rad assay.  Results presented 

here are a compilation of 4 experiments with mean ± SEM shown.  A)  

Treatment groups consisted of either PBS (n=12), 125µg (n=5), 62.5µg 

(n=3), 12.5µg (n=7), 1µg (n=4) or 0.1µg (n=3) of anti-influenza virus IgG.  

B)  Treatment groups consisted of either PBS (n=12), 125µg (n=4), 

12.5µg (n=5), 1µg (n=5) or 0.1µg (n=5) of anti-influenza virus F(ab’)2.    

A 
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5.3.4 Effect of timing of antibody administration on experimental influenza  

i) Clinical Signs 

Weight loss and clinical scores were used as an indication of the severity of influenza 

virus infection.  The percentage weight changes indicated that the groups receiving 

antibody 3 days, 1 day and 1 hour prior to infection lost little or no weight over the 14 

days compared to the PBS control group (Figure 5.15A).  Prophylactic delivery of the 

antibody at 3 days and 1 day prior to infection however, was not as effective as 

treatment 1 hour prior to virus challenge at minimising weight loss.  Prophylactic 

delivery 7 days prior to infection did not reduce weight loss compared to the PBS 

control group with this group having greater weight loss than the controls and longer 

time to return to pre-challenge weight.  Treatment with this antibody dose 1 day after 

infection failed to reduce weight loss compared to the PBS control group with the 

pattern of weight change very consistent between these two groups. 

 

The progression of the clinical scores was similar to that of the weight loss (Figure 

5.15B).  There were reductions in clinical scores in the mouse groups which received 

antibody treatment 3 days, 1 day and 1 hour prior to influenza virus infection with 

mice in these groups having little or no clinical score.  Treatment 7 days prior or 1 day 

after influenza virus infection did not reduce the clinical scores of the mice in these 

groups, which were comparable to the PBS group.  Mice pre-treated at 7 days prior or 

1 day after influenza virus infection had slightly higher clinical scores and took 1 day 

longer to return to a clinical score of 0 compared to the PBS control group.  These 

differences between the PBS control and the two time points of antibody delivery are 

likely to be due to differences in group sample size and not augmentation of the 

infection by the antibody.     
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Figure 5.15. Comparison of clinical expression after influenza A/PR8 challenge.  

Female BALB/c (6-10 week old) mice were administered IN 25µL of PBS 

(n=27), or 125µg of anti-influenza virus IgG 7 days (n=10), 3 days (n=10), 

1 day (n=10), 1 hour prior (n=14) or 1 day after (n=10) IN challenge with 

102TCID50 influenza A/PR8 virus.  Results presented here are a 

compilation of 4 experiments with mean ± SEM shown.  A) Mice were 

weighed daily post-infection and percentage change was relative to the 

weight on day 0.    B) Clinical scores were defined as 0) Healthy mice, 1) 

Barely ruffled fur, 2) Fur ruffled but active, 3) Fur ruffled, inactive, 4) Fur 

ruffled, inactive, hunched and 5) Dead.  ANOVA with post-test Tukey’s 

comparison was performed for each day and the indicated statistical 

significance is the ANOVA result.*p<0.05, **p<0.01 and ***p<0.001.   
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ii) Lung Viral Titres 

Lung viral titres on day 3 were measured in a subset of mice from each of the groups 

(Figure 5.16).  There were significant reductions in the replicating virus levels in the 

mice receiving prophylactic delivery of the antibody 3 days, 1 day and 1 hour prior to 

virus challenge.  However, 2 of the 5 mice pre-treated 1 day before challenge with 

influenza virus had replicating virus in their lungs; this may have been due to poor 

delivery of the antibody preparation or individual variations in the mice.  Pre-

treatment 7 days prior to challenge did not significantly reduce the levels of replicating 

virus presumably because the antibody was cleared from the airways by the time virus 

was delivered.  Finally, antibody therapy after infection was not effective at reducing 

virus levels.  

 

iii) Bronchial Cellular Infiltration 

Total cell numbers recovered in the BAL fluid on day 3 post-infection showed a trend 

of increasing numbers with increasing time between the prophylactic delivery of the 

antibody and virus challenge (Figure 5.17A).  Cell numbers in groups pre-treated prior 

to virus challenge were lower than the PBS control levels.  However, the mice treated 1 

day after virus challenge had similar numbers of cells as the PBS group.   

 

Differential white cell population counts on day 3 showed a change from a 

predominantly monocyte environment at 1 hour prior to challenge to neutrophil 

infiltration with greater time between delivery of antibody and virus challenge (Figure 

5.17B).  Mice given antibody 1 day or 1 hour prior to influenza virus challenge had a 

high percentage of monocytes (>90%) compared to the other delivery times.  Mice pre-

treated 7 or 3 days prior to challenge had monocyte levels of 74 and 67%, respectively.  

The remaining cells within the BAL fluid were neutrophils and as the time between 

prophylactic antibody delivery and virus challenge increased the percentage of 

neutrophils in the BAL fluid increased.  However, the percentage of neutrophils did not 

reach the levels in the PBS control group.  Treatment with the antibody 1 day after 

challenge with the virus failed to control the virus replication and consequently there 

was recruitment of neutrophils to the respiratory tracts of these mice comparable to 

levels in the PBS control (>50%) which was significantly different to the 1 day and 1 
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hour pre-treatment groups.  There was no increase in the lymphocyte percentage in 

any of the groups.   

 

Cell population numbers reflected the percentage cell counts (Figure 5.17C).  

Monocyte numbers in all prophylactically treated mouse groups were lower than the 

PBS control, although not significantly, and increased with increasing time between 

pre-treatment and virus challenge.  Treatment 1 day after infection had monocyte 

numbers comparable to the PBS group and this was significantly different to the 7 

days, 1 day and 1 hour prior infection pre-treatment groups.  Increasing numbers of 

neutrophils occurred as the time between treatment and virus challenge widened, 

with the 3 days prior to infection pre-treated group having similar numbers of 

neutrophils as the PBS control group.  There were less neutrophils recovered from the 

group of mice pre-treated with antibody 7 days prior to influenza virus challenge than 

the PBS control groups.  Greater neutrophil numbers were recovered from mice that 

received antibody treatment 1 day after virus challenge compared to the PBS control 

group.  Low lymphocyte numbers were recovered from all of the pre-treatment 

groups.   

 

Cell numbers recovered from BAL fluid on day 14 post-infection were lower than day 3 

and were not statistically different across the different timing groups (Figure 5.18A).  

As with previous results the white cell population recovered within the BAL fluid was 

predominantly monocytic (Figure 5.18B).  However, the group which was treated 7 

days prior to infection had significantly increased neutrophil numbers compared to all 

other treatment groups, although there were only 2 mice in this group, making this 

result inconclusive (Figure 5.18C). 
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Figure 5.16. Lung viral titres on day 3 of mice after challenge with influenza A/PR8.  

Treatment was given IN prior to IN challenge of female (6-10 week old) 

BALB/c mice.  Treatment groups consisted of PBS (n=16), 125µg of anti-

influenza virus IgG given 7 days (n=4), 3 days (n=5), 1 day (n=5), 1 hour 

(n=9) prior to or 1 day after (n=5) challenge with virus.  Results 

presented here are a compilation of 4 experiments.  Dotted line 

represents the limit of detection.  Individual titres and mean ± SEM are 

shown.   ANOVA with post-test Tukey’s comparison was performed.  

***p<0.001 compared to PBS.   
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Figure 5.17. Cell populations recovered by BAL fluid on day 3 post-infection after 

influenza virus challenge.  Female BALB/c (6-10 week old) mice, 

administered IN 25µL of PBS (n=14 or 13), or 125µg of anti-influenza 

virus IgG 7 days (n=5), 3 days (n=4), 1 day (n=5), 1 hour prior (n=5) or 1 

day after (n=5) IN challenge with 102TCID50 influenza A/PR8 virus.  

Results presented here are a compilation of 4 experiments with mean ± 

SEM shown.  A) Total Cell number.  White cell populations were counted 

and expressed as B) percentages and C) cell numbers.  ANOVA with 

post-test Tukey’s comparison was performed.  *p<0.05 and **p<0.01 

compared to PBS.  
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Figure 5.18. Cell populations recovered by BAL on day 14 post-infection after 

influenza virus challenge.  Female BALB/c (6-10 week old) mice were 

administered IN 25µL of PBS (n=5), or 125µg of anti-influenza virus IgG 7 

days (n=2), 3 days (n=4), 1 day (n=4), 1 hour prior to (n=5) or 1 day after 

(n=3) IN challenge with 102TCID50 influenza A/PR8 virus.  Results 

presented here are a compilation of 3 experiments with mean ± SEM 

shown.  A) Total cell number.  White cell populations were counted and 

expressed as B) percentages and C) cell number. ANOVA with post-test 

Tukey’s comparison was performed.  *p<0.05 compared to PBS.  
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iv) Humoral Immune Response 

The antibody responses to both the sheep IgG and influenza virus were measured in 

the serum of the mice surviving to day 14 post-infection.  Significant anti-sheep IgG 

antibodies were measured in all the antibody treated groups irrespective of the timing 

of antibody delivery relative to influenza virus infection (Figure 5.19A).  There was an 

increase in the titres of anti-sheep IgG antibodies in mice receiving antibody treatment 

1 day after influenza virus infection. 

 

The anti-influenza virus response was assessed by measuring the neutralising antibody 

titres in the day 14 mouse serum by microneutralisation assay (Figure 5.19B).  

Neutralising anti-influenza virus specific antibodies were produced in all mouse groups, 

which were given antibody longer than 1 hour prior to influenza virus challenge.  These 

levels were consistent with the titres in the PBS control group. 

 

v) Protein Concentration in BAL fluid 

Lung pathology was assessed by the protein concentration in the BAL fluid recovered 

from the lungs of the mice on day 3 (Figure 5.20).  Similar protein concentrations were 

found in the BAL fluid of PBS and mouse groups receiving antibody treatment 3 days 

prior and 1 day after virus challenge.  The other groups had lower protein 

concentrations.  Interestingly, the group of animals receiving antibody pre-treatment 7 

days prior to influenza virus infection had one of the lowest protein concentrations.   
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Figure 5.19. Humoral immune response after anti-influenza virus IgG treatment 

prior to influenza A/PR8 virus challenge.  Endpoint antibody titres in 

day 14 post-infection serum, female BALB/c (6-10 week old) mice were 

administered 25µL of PBS (n=5), or 125µg of anti-influenza virus IgG 7 

days (n=2), 3 days (n=5), 1 day (n=4), 1 hour prior to (n=5) or 1 day after 

(n=3 or 2) IN challenge with 102TCID50 influenza A/PR8 virus.  The 

endpoint titre for ELISA was determined as the last dilution where the 

absorbance level was above 0.15, while the endpoint for the MN was 

the last dilution to completely protect against 102TCID50 of influenza 

virus.  Results presented here are a compilation of 3 separate 

experiments.  Individual titres and mean ± SEM is shown.  A) Anti-sheep 

IgG antibody response.  B) Influenza virus neutralising antibody titres 

assayed by MN.  ANOVA with post-test Tukey’s comparison was 

performed.  ***p<0.001 compared to PBS.  
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Figure 5.20. Protein concentration of BAL fluid on day 3 post-infection with 

influenza A/PR8 virus.  Female BALB/c (6-10 week old) mice received 

treatment IN of 25µL of PBS (n=12) or 125µg of anti-influenza IgG 7 days 

(n=4), 3 days (n=5), 1 day (n=5), 1 hour prior to (n=5) or 24 hours after 

(n=3) IN influenza virus challenge (102TCID50).  Protein concentration 

from the BAL fluid was determined by Bio-Rad assay.  Results presented 

here are a compilation of 4 experiments with mean ± SEM shown.   

 

  



 

5-44 
 

5.4 Discussion 

The results presented in this chapter begin to build the picture that not only are the 

highly neutralising antibodies preventing virus replication but that they are also 

excluding the virus from the host immune system, particularly the innate response.  

Culminating evidence of this is as follows; first the antibodies appear to be eliminating 

the virus from the respiratory tract without the virus establishing an infection in the 

lungs.  Secondly, many of the associated immune responses to the influenza virus were 

not detected.    

 

Mice pre-treated with the anti-influenza virus IgG and F(ab’)2 had no detectable virus 

on day 3 post-infection and this result was confirmed at varying doses of antibody and 

times of delivery.  There are two possible mechanisms through which the virus may be 

eliminated from the respiratory tract by the antibody.  The first is through active killing 

of the virus either by activation of complement and/or host cells.  No evidence was 

found to support the idea that active killing is involved in the protection of these mice.  

Firstly, active killing with complement was not evident as the same protective 

capacities were obtained by both whole anti-influenza virus IgG and anti-influenza 

virus F(ab’)2.  Therefore, the protection is largely Fc-independent and activation of 

complement is not involved to a large degree.  Secondly, active removal by host cells 

was not involved as cell numbers recovered by BAL on day 3 post-infection of mice 

pre-treated with the anti-influenza virus antibody had minimal neutrophils present to 

kill the virus at that time.  Thus, results presented here do not support that active 

removal of the virus was involved in its eliminating from the respiratory tract.       

 

The second possible and much more likely mechanism of virus removal from the 

respiratory tract is that the virus is being neutralised and is subsequently cleared from 

the respiratory tract by the mucociliary escalator without impacting on the lung 

environment.  Firstly, these anti-influenza antibodies had a high neutralising capacity 

in in vitro tests of influenza virus infection of cell culture with significant anti-HA 

inhibition (section 3.3.3).  Secondly, there was no evidence of the host innate immune 

system being stimulated by the virus suggesting that the virus was not being actively 

eliminated by the host immune system.  Evidence for this comes from a number of 

observations; firstly, there were no clinical signs of infection, which to a large extent in 
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the initial phase are the result of innate cytokine responses (reviewed in Kim et al., 

2011; Kurokawa et al., 1996; Van Reeth, 2000).  Although whether the cytokine 

response is reduced or completely abrogated is not clear and will be investigated in 

detail in the following chapter.   

 

Secondly, is the absence of neutrophil infiltration into the respiratory tract in mice 

which were protected from influenza virus infection by the anti-influenza virus IgG or 

F(ab’)2.  The airway cellular populations recovered from mice with no replicating 

influenza virus were comprised predominantly of monocytes, which has been shown 

to be the predominant cell population of healthy airways (Holt et al., 1993; Holt et al., 

2008; Lanthier et al., 2011).  As protection afforded by the antibody preparation was 

reduced, neutrophil numbers increase proportionately, which is consistent with the 

host cellular response to influenza virus infection (Tate et al., 2008; Tate et al., 2009; 

Tate et al., 2011). 

 

Finally, lung histopathology was absent in the mice which were protected from 

influenza virus infection by the specific antibody.  Histological examination of the lungs 

of mice treated with antibody compared to PBS controls showed that antibody-

mediated protection resulted in the mice having normal lung architecture and cellular 

composition.  This is consistent with previous histological results using passive 

immunotherapy by intraperitoneal injection of monoclonal antibodies to prevent 

influenza virus infection (Wang et al., 2008; Prabakaran et al., 2009; Prabhu et al., 

2009; Meng et al., 2011 ).     

 

Taken together these results suggest that the virus is not being presented to the host 

innate immune system to initiate any of these responses suggesting that there is little 

host immune system involvement in the clearance of the virus.  Therefore, the most 

likely mechanism through which the virus is cleared from the respiratory tract is via the 

mucociliary escalator.  The mucociliary escalator is made up of the cilia that project 

into the mucosa of the respiratory tract and traffic debris out of the airways (reviewed 

in Minnicozzi et al., 2011) thereby; limiting the exposure of the host immune system to 

the virus, leaving the host naive to the virus.   

 



 

5-46 
 

Interestingly, a second mechanism of protection from the virus was also 

demonstrated; the Fc-dependent non-specific reductions in replicating virus levels.  A 

similar reduction was found by Ng et al (2010) with bovine IgG, this response is Fc-

mediated as no protection is provided by non-specific F(ab’)2.  Ng et al (2010) 

concluded that cross-reactive, non-neutralising antibodies may bind to the virus to 

mediate Fc-dependent clearance, which is possible as ruminant antibodies have been 

shown to activate mouse Fc receptors (Ober et al., 2001).  These non-specific 

antibodies may also be working consistent with the occupancy model where the 

antibodies are taking up space on the virus surface preventing access of HA to cell 

surface receptors (reviewed in Burton 2002; Corti and Lanzavecchia, 2013).  

 

The results of Ng et al (2010) have been confirmed and extended, demonstrating that 

hyper-immune ruminant polyclonal antibody preparations are able to effectively 

prevent influenza virus challenge.  However, the work of Ng et al (2010) delivered 1mg 

of anti-influenza virus IgG up to 7 days prior to challenge, which reduced replicating 

virus levels.  Similarly with high doses of bovine anti-influenza virus IgG (1mg), virus 

could be cleared after infection was established.  Here pre-treatment with 125µg of 

anti-influenza virus IgG 7 days prior to or 1 day after influenza virus challenge did not 

protect the mice from infection.  Delivery of the antibody 7 days prior to virus 

challenge is likely to be enough time for the 125µg dose of antibody to be cleared from 

the respiratory tract.  Treating after virus challenge was probably not successful 

because the infection became established over the initial 24 hours before the antibody 

dose was delivered.  Therefore, insufficient antibody was present to neutralise the 

replicating virus and a portion of the virus would have become intracellular and was 

inaccessible to the antibody.  Therefore, it can be reasonably assumed that if greater 

antibody concentrations were given, it would possibly provide protection when 

prophylactically administered at the 7 day time point.   

 

The adaptive immune response to the sheep immunoglobulin was different depending 

on the antibody preparation that the mice received.  Mice receiving anti-influenza 

virus IgG had the highest anti-sheep IgG response while the anti-influenza virus F(ab’)2 

pre-treated group produced no detectable anti-sheep IgG antibodies.  A possible 

reason is that the F(ab’)2 was less immunogenic because of the absence of the Fc 
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portion of the antibody to bind Fc receptors.  Previous research has shown that anti-

IgY antibodies were produced when anti-influenza virus IgY was used prophylactically, 

even though IgY does not activate Fc receptors, these anti-IgY antibodies did not affect 

the anti-influenza virus IgY ability to prevent infection upon repeated use (Nguyen et 

al., 2010).   

 

Two other interesting features of the anti-sheep IgG response were observed.  First, 

there was no anti-sheep IgG antibodies present in the day 14 post-infection serum of 

mice treated with non-specific IgG.  This could potentially be due to the replicating 

virus providing the main antigenic focus.  Secondly, there was an increase in the levels 

of anti-sheep IgG antibodies in mice receiving antibody treatment 1 day after influenza 

virus infection.  Potentially this is due to the virus priming the immune response to 

further protein exposure, as has been shown for innocuous proteins (Brimnes et al., 

2003; Al-Garawi et al., 2009).   

 

Limited investigations of whether antibody immunotherapy used to prevent influenza 

virus infection also prevents the host from producing an adaptive immune response 

against the virus have been undertaken.  Here, a reduced neutralising host anti-

influenza virus IgG response was measured by MN when the antibody prophylaxis was 

given 1 hour prior to IN influenza virus challenge.  This result suggests that under these 

conditions, the antibody is excluding the virus from the host adaptive as well as the 

host innate immune system.  However, when the antibody was given at earlier time 

points prior to influenza virus challenge there was no reduction in the adaptive 

immune response to the virus as compared to the PBS control group even with 

reductions in replicating virus levels.  Possible mechanisms by which these antibodies 

are produced include that pre-treatment with this dose of antibody any longer than 1 

hour prior to virus challenge does not provide sterilising protection.  There is evidence, 

such as increased neutrophil numbers; with antibody pre-treatment 1 day and 3 days 

prior to challenge that suggest this may be the case.  Alternative explanations which 

could potentially also be occurring include Dendritic Cell (DC) sampling of the 

antibody-virus immune complexes from the lung which occurs while the lungs are at 

homeostasis (reviewed in Minnicozzi et al., 2011; Vermaelen and Pauwels, 2005).  

Finally, it cannot be ruled out that virus replication and sampling may be occurring 



 

5-48 
 

outside of the lung, possibly in the upper respiratory tract which was not investigated 

here.  The lack of an antibody response to the virus during neutralisation by the 

antibodies is consistent with a transmission study where guinea pigs housed with 

infected individuals were protected from infection using antibodies failed to 

seroconvert (Siebert et al., 2013).     

 

Results presented in this chapter confirm the validity of applying heterologous anti-

influenza virus IgG to the respiratory tract to prevent influenza virus infection.  These 

highly neutralising antibody preparations were able to eliminate replicating virus from 

the lungs without any adverse side effects.  Therefore, these antibodies have a high 

potential value as a powerful adjunct to vaccination in a human pandemic situation.  

Prior to use in a human pandemic situation significant clinical investigations for such 

antibody preparations need to be made; including dosing and timing of antibody 

administration, safety of antibody use, administration route and whether virus escape 

mutations are produced.  The results of the highly neutralising antibodies contrast 

those of the previous chapter in which the low neutralising anti-influenza IgG failed to 

reduce replicating virus levels in the lungs of mice on day 3 post-infection with the 

major difference between the two antibody preparations being their neutralising 

capacity.   

 

This chapter outlines the prevention of influenza virus infection by polyclonal anti-

influenza antibodies with a large capacity to control influenza virus infection.  It has 

also been demonstrated that polyclonal ruminant antibodies were able to prevent 

innate cell influx, reduce adaptive anti-influenza antibody response and lung pathology 

suggesting that the antibodies act via immune exclusion of the virus.  However, the 

influence of prophylactic antibodies on the innate cytokine response is unclear and will 

be investigated in the following chapter.   

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 6 

Cytokine response following passive immunoprophylaxis with 

heterologous anti-influenza virus IgG. 
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6.1 Introduction 

Previous findings have raised questions concerning the impact of passive antibody 

administration on the host response to challenge with influenza within the respiratory 

tract. Previous experiments (Chapter 4 and 5) have shown that heterologous 

antibodies are capable of modifying the influenza virus disease process and elements 

of the host immune response.  However, the nature of the innate immune response 

and how it has been modified by the presence of the antibodies remains to be 

investigated.  Of specific interest will be the comparison of the experimental groups 

prophylactically given low neutralising antibodies, which had reduced clinical signs of 

infection without reductions in replicating virus levels and the groups given high 

neutralising antibodies which had no detectable replicating virus.     

 

An influenza virus infection induces a strong innate cytokine response which helps to 

control virus replication and spread in both humans and mice (Kurokawa et al., 1996; 

reviewed in Van Reeth, 2000; Iwasaki and Pillai, 2014).  The cascade of cytokine release 

begins when the virus is recognised by pattern recognition receptors, including Toll-like 

receptors (TLR), NOD-like receptors (NLR) and RIG-I-like receptors (RLR),  leading to the 

release of cytokines, which modify the respiratory tract environment to control the 

virus (detailed in Chapter 1).  The type I Interferons (IFN), including IFN-α/β, are among 

the first cytokines produced in the respiratory tract in response to influenza virus 

infection where they induce an antiviral state which protect cells from the virus and 

limit virus systemic spread (García-Sastre et al., 1998; Price et al., 2000; Goodman et 

al., 2010).  Type III IFNs (IFN-λ) are also produced in large quantities in response to 

influenza virus infection and control the replication of the virus within the respiratory 

tract (Jewell  et al., 2010).  A range of different cytokine types, including IL-6, IL-8, IL-

10, IL-12 and IFN-gamma (IFN-) also play important roles during influenza virus 

infection.  Furthermore, it is this innate immune response which accounts in large part 

for the clinical symptoms of disease (Kurokawa et al., 1996).  For example, Interleukin 

(IL)-1 has been shown to be responsible for fever induction in mouse models of 

infection (Kurokawa et al., 1996).  Similarly, during human infection cytokines have 

been shown to be responsible for early symptom onset (reviewed in Van Reeth, 2000). 
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Therefore, in view of the present observations it is relevant to examine cytokine 

profiles and responses in the acute stage of experimental influenza virus infection in 

order to investigate their possible modifications.  It is postulated that antibody will 

modify this response and that the extent of clinical signs will be correlated with 

cytokine levels measured in each experimental group.  Since the group pre-treated 

with the high neutralising antibody presented with no clinical symptoms or replicating 

virus, it is postulated that the early acute cytokine response will be absent/reduced in 

this group. 

 

Investigations of the host innate immune cytokine response to influenza virus infection 

and their modifications in the presence of low and high neutralising antibodies were 

conducted.  The cytokine responses of the mice in the experimental groups described 

in previous chapters were analysed.  In addition to type I and III IFN analysis a panel of 

6 cytokines, IL-1β, IL-6, IL-10, IL-12/IL-23p40, Tumour Necrosis Factor (TNF)-α, IFN-ɣ 

and the chemokine KC (CXCL1) were evaluated.  These cytokines represent a cross-

section of the cytokines, which are released early in the influenza virus infection that 

will provide information on the extent of the pro-inflammatory response after 

influenza virus infection.  

 

6.1.1 Specific Chapter Aims 

The specific aim of this chapter was: 

1) To investigate the host innate cytokine response to influenza virus infection 

and how it is modified by the presence of passively-acquired antibodies.  
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6.2 Methodology 

For detailed information of material and methods see Chapter 2.  Day 3 bronchial 

alveolar lavage (BAL) fluid samples were collected from experimentally influenza virus 

challenged mice and stored (2.2.31).  The BAL fluid samples collected from the low 

neutralising anti-influenza virus IgG group were assayed by IFN bioassay (2.2.37) and 

Cytokine Bead Array (CBA) flex set kits (BD, MD, USA) which were used to determine 

IL-1β, IL-6, IL-10, IL-12/IL-23p40, TNF-α, IFN-ɣ and KC (CXCL1) concentrations (2.2.37).  

The BAL fluid from the mice pre-treated with the high neutralising anti-influenza virus 

IgG and associated controls was assayed by IFN bioassay (2.2.37), IFN-α and IFN-β 

ELISA (PBL Interferon Source, NJ, USA), IFN-λ ELISA (PBL Interferon Source, NJ, USA) 

and CBA flex set kits were used to evaluate IL-1β, IL-6, IL-10, IL-12/IL-23p40, TNF-α, 

IFN-ɣ and KC (CXCL1) (2.2.37).   
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6.3 Results 

6.3.1 Cytokine response in mice pre-treated with low neutralising anti-influenza 

virus antibody preparation  

Type I IFN levels were measured by bio-assay in fluid collected by BAL at day 3 post-

influenza virus infection.  Samples from mice pre-treated with the low neutralising 

anti-influenza virus IgG (chapter 4), were assayed by the IFN bioassay to determine the 

host cytokine response in these mice (Figure 6.1).  Although the mice pre-treated with 

125µg or 12.5µg of the antibody had lower type I IFN levels than those of the PBS 

control group, they were not statistically significant.  The type I IFN levels of the mice 

pre-treated with 62.5µg of anti-influenza virus IgG were no different to the PBS control 

group. The type I IFN levels in these mouse experimental groups were highly variable.  

Overall there was no significant difference between any of the experimental groups.   

 

A selection of cytokines were measured using commercially available CBA kits to 

further investigate the cytokine response in the low neutralising antibody treated mice 

which had reduced clinical symptoms with significant replicating virus.  The 

concentrations of IL-1β, IL-6, IL-10, IL-12/IL-23p40, TNF-α, IFN-ɣ and KC (CXCL1) were 

determined in the BAL fluid of mice euthanised on day 3 post-infection.  Mice pre-

treated with low neutralising anti-influenza virus IgG (chapter 4) had slightly lower 

mean concentrations of all cytokines than the control mice treated with PBS, although 

not significant (Figure 6.2).  IL-10 was only measured in a single mouse in the low 

neutralising antibody group and no other groups (data not shown). The mean group 

concentration of KC (CXCL1) in the PBS and low neutralising anti-influenza virus IgG 

groups were similar.    
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Figure 6.1.  Type I IFN levels in the BAL fluid of mice infected with influenza A/PR8 

virus.  Female BALB/c mice (8-10 weeks old) were pre-treated with 25µL 

of PBS (n=5), 125µg (n=4), 62.5µg (n=5) or 12.5µg (n=5) of low 

neutralising anti-influenza virus IgG delivered IN 1 hour prior to IN 

infection with 102 TCID50 influenza A/PR/8 and BAL fluid was collected 3 

days post infection.  Type I IFN was measured by IFN bio-assay and 

individual titres and means ± Standard Error of the Mean (SEM) are 

shown.  Results are a compilation of three separate experiments.   
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Figure 6.2. Inflammatory cytokines recovered in the BAL fluid of mice on day 3 

post-infection with influenza A/PR8.  Cytokine responses were 

measured by CBA flex set analysis, including IFN-ɣ, IL-1β, IL-6, IL-10, KC, 

TNF-α and IL-12/IL-23p40.  Female BALB/c mice (8-10 week old) 

received low neutralising anti-influenza virus IgG (n=4) via IN instillation 

1 hour prior to challenge with 102 TCID50 influenza A/PR/8 virus and 3 

days post infection BAL fluid was collected.  PBS (n=4) control data from 

experiments performed with the highly neutralising anti-influenza virus 

IgG results shown for comparison.  Individual titres and means ± SEM 

are shown.   
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6.3.2 Cytokine response in mice pre-treated with high neutralising antibody 

preparation  

The type I IFN responses of mice receiving pre-treatment with the highly neutralising  

anti-influenza virus IgG or F(ab’)2 and non-specific IgG or F(ab’)2 were next evaluated 

(Figure 6.3A).  The anti-influenza virus IgG and F(ab’)2 treatment groups, which both 

had no virus replication in the lungs, also had no detectable type I IFN as measured by 

bio-assay.  On the other hand, the non-specific IgG and F(ab’)2 control groups had 

similar levels of type I IFN activity as the PBS group, at day 3 post infection.  The 

reductions in the type I IFN anti-viral activity in the anti-influenza virus IgG and F(ab’)2 

groups were significantly different to the PBS and non-specific IgG groups. 

 

Type I IFN levels were compared across groups receiving different doses of anti-

influenza virus IgG and F(ab’)2 pre-treatments.  The BAL fluid from mice pre-treated 

with doses of 125µg and 62.5µg of anti-influenza virus IgG had no detectable type I IFN 

compared to the PBS control group which had significant type I IFN concentrations 

(Figure 6.3B).  In the lower dose pre-treatment groups there were higher type I IFN 

group means.  However, only 1 mouse in each group had detectable IFN and the 

12.5µg antibody pre-treatment group had statistically significant reductions compared 

to the PBS group.  Overall, there was a reduction in type I IFN levels with anti-influenza 

virus antibody treatment.    

 

Type I IFN activity in the dose response study of the anti-influenza virus F(ab’)2 pre-

treatment was measurable in all but the 125µg dose (Figure 6.3C).  The 125µg of anti-

influenza virus F(ab’)2 pre-treated group had no detectable type I IFN which was 

significantly less than the PBS control group.  The 12.5µg, 1µg and 0.1µg dose 

responses were similar to the PBS group for type I IFN antiviral activity.  These results 

are consistent with the levels of replicating influenza virus measured in the lungs of 

these mice on day 3 post-influenza virus infection.  

 

Interestingly, the cytokine levels measured with varied timing of virus-specific IgG 

antibody delivery were variable and did not correlate with replicating virus levels 

(Figure 6.3D).  Type I IFN antiviral activity was detected in only 1 of the samples 

collected from mice that were pre-treated with anti-influenza virus IgG 7 days prior to 
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influenza virus challenge.  The type I IFN response was widely variable in the group 

pre-treated 3 days prior to influenza virus challenge with detectable type I IFN activity 

within the group but a lower group mean than the PBS control.  Treatment 1 day prior 

to virus challenge reduced the type I IFN response compared to the PBS controls, 

consistent with virus levels.  Treatment with anti-influenza virus IgG 1 day after 

influenza virus infection failed to reduce the type I IFN levels from those of the PBS 

control group.  Type I IFN levels in the 1 day prior, 1 hour prior and 1 day after 

infection were consistent with the levels of replicating virus.  However, the reduced 

type I IFN activity seen in the day 7 antibody treated group was unexpected and 

possibly influenced by the variability inherent in BAL fluid collection. 

 

Day 14 post infection BAL fluid samples were also assessed by bio-assay and no 

cytokine response was detected in any of the pre-treatment or PBS control groups.  

Similarly, day 3 post infection serum IFN levels were tested in the bio-assay but failed 

to show detectable levels of type I IFN antiviral activity.  This result was consistent with 

the cytokine response being restricted to the respiratory tract (Hayden et al., 1998).  

Therefore, subsequent analysis with these samples was not undertaken.    

 

IFN-α concentrations in the BAL fluid of a selected subset of samples were measured 

by a commercial IFN-α ELISA kit.  The results from the ELISA (Figure 6.4A) confirmed 

the results of the IFN bio-assay.  A low level of IFN-α (average of 120.5pg/mL) was 

measured in two BAL fluid samples collected from normal BALB/c mice which had not 

been treated in anyway, indicative of background levels for the ELISA kit.  Therefore, 

the levels that were measured in the groups pre-treated with anti-influenza virus IgG 

and F(ab’)2 were not above these background levels and were considered negative.  In 

contrast, the IFN-α levels in the non-specific IgG and F(ab’)2 were similar to those of 

the PBS control group.   
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Figure 6.3.  Type I IFN levels in the BAL fluid of mice infected with influenza A/PR8 

virus.  Female BALB/c mice (6-10 weeks old) were pre-treated IN prior 

to IN infection with 102 TCID50 influenza A/PR/8 virus and BAL fluid was 

collected 3 days post infection.  Type I IFN was measured by IFN bio-

assay and individual titres and means ± SEM are shown.  A) Pre-

treatment groups consisted of 25µL of PBS (n=14), 125µg of anti-

purified influenza IgG (n=5), 125µg of anti-purified influenza F(ab’)2 

(n=4), 125µg of non-specific IgG (n=4) or 125µg of non-specific F(ab’)2 

(n=5) delivered 1 hour prior to challenge.  B) Pre-treatment groups 

consisted of 25µL of PBS (n=14), 125µg (n=5), 62.5µg (n=3), 12.5µg 

(n=7), 1µg (n=4) or 0.1µg (n=3) of anti-purified influenza virus IgG 

delivered 1 hour prior to challenge.  C) Pre-treatment groups consisted 

of 25µL of PBS (n=14), 125µg (n=4), 12.5µg (n=5), 1µg (n=5) or 0.1µg 

(n=5) of anti-purified influenza F(ab’)2 delivered 1 hour prior to 

challenge.  D) Pre-treatment groups consisted of 25µL of PBS (n=14), 

125µg of anti-purified influenza virus IgG 7 days (n=5), 3 days (n=4), 1 

day (n=5), 1 hour prior (n=5) or 1 day after (n=5) influenza A/PR8 virus 

infection.  Results are a compilation of four separate experiments. 

ANOVA with post-test Tukey’s comparison was performed.  **p<0.01 

and ***p<0.001 compared to PBS. 
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Samples collected from mice delivered antibodies at different times were also assayed 

using the IFN-α ELISA kit (Figure 6.4B).  The results of the type I IFN bio-assay were 

confirmed for the mice which were treated 7 days prior to challenge with influenza 

virus as they had no IFN-α response detected.  Pre-treatment 3 days prior to influenza 

virus challenge had baseline levels of IFN-α as detected by the ELISA.  Treatment with 

antibodies 1 day after influenza virus challenge did not reduce the IFN-α levels from 

the levels in the control PBS group, as both groups were comparable in concentration.    

 

IFN-β concentrations in the BAL fluid were also measured with a commercial IFN-β 

ELISA kit.  However, none of the samples contained detectable concentrations of IFN-β 

at a sample dilution of 1 in 10.  Therefore, data was not presented.  Further 

investigations of the reasons for this were not possible due to financial constraints on 

the number of ELISA kits, which could be purchased for the project.   

 

IFN-λ has been shown to be produced in significant quantities in the respiratory tract 

after influenza virus infection (Jewell  et al., 2010; Mordstein et al., 2010).  The 

majority of the PBS control group produced significant concentrations of IFN-λ which 

were recovered in the BAL fluid (Figure 6.5A).  However, only 1 mouse in the anti-

influenza virus IgG pre-treatment group had measurable levels of IFN-λ.  In contrast, to 

the type I IFN response, the anti-influenza virus F(ab’)2 group had measurable IFN-λ in 

the BAL fluid.  There was also significant concentrations of IFN-λ in the BAL fluid of the 

mice pre-treated with non-specific IgG, however, there was no IFN-λ measured in the 

BAL fluid of the mice pre-treated with non-specific F(ab’)2.  These results were found to 

be consistent upon repeated assay of the pre-treated non-specific F(ab’)2 BAL fluid 

samples at dilutions of 1 in 10 and 1 in 20.  The absence of IFN-λ responses in the non-

specific F(ab’)2 groups is an anomaly as high levels of the cytokine would be expected 

in this experimental group. 

 

  



 

6-13 
 

PBS IgG F(ab')2  IgG F(ab')2
0

100

200

300

400

500

600

Anti-influenza Non-specific

IF
N

- 
 (p

g/
m

L)

PBS -7 days -3 days -1 hour +1 day
0

100

200

300

400

Time to virus challenge

IF
N

- 
 (p

g/
m

L)

 

Figure 6.4. IFN-α levels measured in the BAL fluid of influenza A/PR8 virus 

infected mice by ELISA.  Female BALB/c mice (6- 10 week old) were 

administered treatment prior to infection with 102 TCID50 influenza 

A/PR/8 and 3 days post infection BAL fluid was collected.  Individual 

titres and means ± SEM are shown.  A) Pre-treatment groups consisted 

of 25µL of PBS (n=5), 125µg of anti-influenza virus IgG (n=5), 125µg of 

anti-influenza virus F(ab’)2 (n=4), 125µg of non-specific IgG (n=3) or 

125µg of non-specific F(ab’)2 (n=5) delivered IN 1 hour prior to influenza 

A/PR8 virus infection.  B) Pre-treatment groups consisted of 25µL of PBS 

(n=5), 125µg of anti-influenza virus IgG was administered 7 days (n=4), 3 

days (n=5), 1 hour prior (n=5) or 1 day after (n=4) influenza A/PR8 virus 

infection.  Results are a compilation of 4 separate experiments.  
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Lower doses of anti-influenza virus IgG resulted in increasing concentrations of IFN-λ 

compared to the pre-treatment with 125µg of the specific antibody except in the 0.1µg 

dose group (Figure 6.5B).  Overall, there was a dose response trend occurring in these 

mouse groups.  However, the three mice treated with 0.1µg of anti-influenza IgG, all 

had no detectable IFN-λ.  The dose response to anti-influenza virus F(ab’)2 showed 

similar levels of IFN-λ produced in mice with treatments of the 125µg and 12.5µg 

doses (Figure 6.5C).  There was no IFN-λ detected in the mice pre-treated with 1µg of 

anti-influenza virus F(ab’)2 and only 1 of the 5 mice pre-treated with 0.1µg of anti-

influenza virus F(ab’)2 had detectable IFN-λ.  These experimental groups with expected 

cytokine responses due to replicating virus levels had no detectable IFN-λ. 

 

Interestingly, the concentrations of IFN-λ for the different times of anti-influenza virus 

IgG delivery prior to or after influenza virus challenge correlated more with the 

replicating virus titres than the type I IFN response (Figure 6.5D).  Pre-treatment 7 or 3 

days prior to virus challenge with the anti-influenza virus IgG had concentrations of 

IFN-λ comparable to those of the PBS controls, even though the pre-treatment group 7 

days prior to virus challenge had minimal type I IFN levels.  Thus the type I and type III 

IFN responses were differential in these experimental groups.  The concentrations of 

IFN-λ then decrease for the pre-treatment groups 1 day and 1 hour prior to virus 

challenge.  Anti-influenza virus IgG treatment 1 day after virus challenge elicited similar 

concentrations of IFN-λ as those of the PBS controls.  Recent research has shown that 

virus titres in human patients correlated with cytokine levels (Gao et al., 2013). 

 

Mice protected from influenza virus infection with 125µg of anti-influenza virus IgG, 

had no detectable levels for IL-1, TNF- IL-6, KC (CXCL1) and IFN- whereas the 

unprotected PBS control mice had measurable concentrations of each (Figure 6.6).  IL-

10 was not detected in any of the BAL fluid samples assayed, including the PBS control 

group.  The anti-influenza virus F(ab’)2 pre-treatment group also had reduced mean 

cytokine concentrations compared to the PBS control group.  The non-specific IgG and 

F(ab’)2 pre-treated groups had pulmonary cytokine responses similar to the response 

measured in the PBS control group.  IL-12/IL-23p40 was measured in all experimental 

groups, including those fully protected by virus-specific IgG.  However, the IL-12/IL-
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23p40 data was difficult to interpret due to low counts for the IL-12/IL-23p40 control 

beads by flow cytometric analysis.   

 

A comparison was also made of the cytokine levels in the BAL fluid of mice, which were 

pre-treated with anti-influenza virus IgG at different time points prior to or after 

influenza virus infection (Figure 6.7).  Again similar patterns to the type I IFN responses 

outlined above (Figure 6.3B) were found with pre-treatment groups having little or no 

cytokine responses compared to the PBS and treatment 1 day after infection groups.  

Consistent with the type I IFN results presented above, there was little cytokine 

response in the mice which were pre-treated 7 days prior to influenza virus challenge 

even though there was detectable replicating virus in this experimental group.  There 

was a statistically significant difference between the treatment 1 day after infection 

and the pre-treatment groups for the TNF-α and KC (CXCL1) concentrations.  

Measurable IL-12/IL-23p40 was again present in all treatment groups.   

 

   

 

  



 

6-16 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

PBS IgG F(ab') 2  IgG F(ab') 2

0

1

2

3

4

Anti-influenza Non-Specific

***

IF
N

- 
 (l

og
10

pg
/m

L)

PBS 125g 62.5g 12.5g 1g 0.1g
0

1

2

3

4

Anti-influenza IgG

IF
N

- 
 (l

og
10

pg
/m

L)

PBS 125g 12.5g 1g 0.1g
0

1

2

3

4

Anti-influenza F(ab') 2

*

IF
N

- 
 (l

og
10

pg
/m

L)

PBS -7 days -3 days -1 day -1 hour +1 day
0

1

2

3

4

5

Time to virus challenge

IF
N

- 
 (l

og
10

pg
/m

L)

 

D 

D 

A 

C 

B 



 

6-17 
 

 

 

 

 

Figure 6.5. IFN-λ levels in the BAL fluid of mice infected with influenza A/PR8 

virus.  Female BALB/c mice (6-10 weeks old) were pre-treated IN prior 

to IN infection with 102 TCID50 influenza A/PR/8 and 3 days post 

infection BAL fluid was collected.  IFN- levels were measured by ELISA 

and individual titres and means ± SEM are shown.  A) Pre-treatment 

groups consisted of 25µL of PBS (n=14), 125µg of anti-influenza IgG 

(n=5), 125µg of anti-influenza F(ab’)2 (n=4), 125µg of non-specific IgG 

(n=4) or 125µg of non-specific F(ab’)2 (n=5) delivered 1 hour prior to 

challenge.  B) Pre-treatment groups consisted of 25µL of PBS (n=14), 

125µg (n=5), 62.5µg (n=3), 12.5µg (n=7), 1µg (n=4) or 0.1µg (n=3) of 

anti-influenza virus IgG delivered 1 hour prior to challenge.  C) Pre-

treatment groups consisted of 25µL of PBS (n=14), 125µg (n=4), 12.5µg 

(n=5), 1µg (n=5) or 0.1µg (n=5) of anti-influenza F(ab’)2 delivered 1 hour 

prior to challenge.  D) Pre-treatment groups consisted of 25µL of PBS 

(n=14), 125µg of anti-influenza virus IgG 7 days (n=5), 3 days (n=4), 1 

day (n=5), 1 hour prior (n=5) or 1 day after (n=5) influenza A/PR8 virus 

infection.  Results are a compilation of four separate experiments. 

ANOVA with post-test Tukey’s comparison was performed.  ** p<0.01 

and ***p<0.001 compared to PBS. 
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Figure 6.6. Inflammatory cytokines recovered in the BAL fluid of mice on day 3 

post-infection with influenza A/PR8 virus.  Cytokine and chemokine 

responses were measured by CBA flex set analysis, including IFN-ɣ, IL-

1β, IL-6, KC (CXCL1), TNF-α and IL-12/IL-23p40.  Female BALB/c mice (6-

10 week old) were administered pre-treatment prior to infection with 

102 TCID50 influenza A/PR/8 and 3 days post infection BAL fluid was 

collected.  Individual titres and means ± SEM are shown.  Pre-treatment 

groups consisted of 25µL of PBS (n=4), 125µg of anti-influenza virus IgG 

(n=4), 125µg of anti-influenza virus F(ab’)2 (n=4), 125µg of non-specific 

IgG (n=4) or 125µg of non-specific F(ab’)2 (n=4) delivered IN 1 hour prior 

to influenza A/PR8 virus infection.  Results are a compilation of four 

separate experiments. 
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Figure 6.7. Inflammatory cytokines recovered in the BAL fluid of mice on day 3 

post-infection with influenza A/PR8 virus.  Cytokine responses were 

measured by CBA flex set analysis, including IFN-ɣ, IL-1β, IL-6, KC 

(CXCL1), TNF-α and IL-12/IL-23p40.  Female BALB/c mice (6-10 week old) 

were delivered pre-treatment IN and 3 days post infection BAL fluid was 

collected.  Individual titres and means ± SEM are shown.  Pre-treatment 

groups consisted of 25µL of PBS (n=4), anti-influenza virus IgG 7 days 

prior (n=4), 3 days prior (n=3), 1 hour prior (n=4) or 1 day after (n=4) 

infection with 102 TCID50.  Results are a compilation of four separate 

experiments.  ANOVA with post-test Tukey’s comparison was 

performed.  **p<0.01 and ***p<0.001 compared to PBS.  
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6.4 Discussion 

A comprehensive analysis of a large panel of cytokines within the BAL fluid from mice 

treated with two anti-influenza virus IgG preparations with different neutralising 

capacities was performed.  Significantly, when prophylactic pre-treatment with high 

neutralising virus-specific antibodies resulted in protection from virus replication, 

there were reduced or abrogated pulmonary cytokine responses to the virus.  For the 

majority of cytokines that were measured, most were undetectable rather than 

reduced.  In contrast, the low neutralising virus-specific antibody-treated group which 

did not have reduced replicating virus titres in the lungs had similar cytokine 

concentrations as the PBS controls.  As such, these levels are not consistent with the 

hypothesis that a reduction in cytokine levels was the reason for the reductions in the 

clinical signs of influenza infection in this group.  However, drawing definitive 

conclusions from this data is difficult, being complicated by the fact that the levels 

were highly variable, the sample numbers were low and only a single time point was 

measured.  It is therefore possible that there are subtle changes to the cytokine levels 

within these groups, which were not possible to ascertain with the experimental 

design used here.   

 

On the other hand, the high neutralising antibody preparation, when delivered in 

sufficient concentration and prior to virus challenge, were clearly able to abrogate the 

early cytokine response in these mice.  Thus, these antibodies inhibit the initiation of 

the innate immune response during the course of the virus infection.  The results 

presented here are consistent with previous vaccination studies, which showed that 

protection by vaccination reduced or abrogated the cytokine and chemokine 

responses upon subsequent influenza virus challenge (Van Reeth et al., 2002; 

Quinlivan et al., 2007; Lanthier et al., 2011).  Here complete protection of the mice by 

anti-influenza virus antibodies resulted in no detectable cytokine response 

demonstrating that either passive or active immunisation has similar efficacy at 

reducing cytokine responses. 

 

The abrogation of the early cytokine response in mice which were pre-treated with 

anti-influenza virus IgG prior to virus challenge confirms results presented in previous 

chapters that the action of these antibodies is via a process of immune exclusion.  



 

6-21 
 

Within these groups, particularly the 125µg of anti-influenza virus IgG or F(ab’)2 pre-

treatment 1 hour prior to challenge, there were also reductions or absence of clinical 

signs of infection, virus replication, cellular infiltration and anti-influenza virus mouse 

IgG responses.  Together these results add weight to the proposition that after binding 

of the antibodies to the virus, the antibody-virus complex is cleared from the lung via 

the mucocillary escalator, without impacting the host’s immune system.     

 

In particular, the type I IFN response in the mice pre-treated with highly neutralising 

virus-specific antibodies was completely abrogated indicating lack of stimulation of this 

cytokine pathway.  Generally, the type I IFN response within a group reflected the 

recovered viral loads within that group, as the absence of replicating virus within the 

lung resulting in the absence of type I IFN response.  In vitro and in vivo studies differ 

on the requirement of influenza virus replication for the production of IFN with in vitro 

studies using UV-inactivated influenza virus producing IFN (Marcus et al., 2005; Wang 

et al., 2008a).  In contrast, infection of mice with UV-inactivated influenza virus did not 

stimulate a type I IFN response (Jewell et al., 2007), which is consistent with results 

presented here.  

 

The results of the IFN bio-assay were confirmed by the anti-IFN-α ELISA, with the mice 

treated with the highly neutralising anti-influenza virus IgG having no detectable levels 

of IFN-α.  It is likely that the bio-assay was measuring mostly IFN-α levels especially as 

the IFN-β ELISA failed to detect levels of the IFN-β subtype.  Previous research has 

shown that IFN-α has an important role in the control of influenza virus infection, 

especially during the first few days of infection prior to the involvement of the 

adaptive immune system (Goodman et al., 2010; Kugel et al., 2009; Price et al., 2000; 

van den Broek et al., 1995).   

 

Failure to detect any IFN-β is not unexpected.  Measuring IFN-β concentrations is 

complicated by factors, such as the inherent dilution of cytokine concentrations with 

the BAL collection technique and the ELISA protocol.  While IFN-β knockout mice are 

more susceptible to influenza virus infection, IFN-β is induced early during influenza 

virus infection (Koerner et al., 2007).  Several in vitro experiments have shown that 

IFN-β is produced very early during influenza virus infection of cell culture and is 
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detectable within the first 8 to 12 hours (Hayman et al., 2006; Mi et al., 2012).  

Hayman et al (2006) showed that the levels of IFN-β induced by influenza A/PR8 and 

other strains of influenza virus were low.  Therefore, analysis at day 3 post-infection 

may have been too late to detect the peak IFN-β response.  In addition, the magnitude 

of the IFN-β response induced by the influenza A/PR8 strain may be low. 

 

In several of the experimental groups, the type I and type III IFN responses were 

different, specifically the anti-influenza virus F(ab’)2 group.  The detection of an IFN-λ 

response in the mice, when they did not have a type I IFN response is difficult to 

explain.  Potentially, the differences in IFN responses could be due to differential 

activation of pathways to their production.  Coccia et al (2004) found that in dendritic 

cells, type I IFNs were induced by virus through the activation of TLR-9 located on the 

surface of the cells while the type III IFNs were induced through the activation of TLR-3 

and 4 within the nucleus of the cells.  Alternatively, there could be differences in the 

magnitude of the two cytokines; Jewell et al (2010) showed that significantly less IFN-α 

than IFN-λ was produced in response to influenza virus and replication was not 

required for IFN-λ production. 

 

The inflammatory cytokines measured by CBA were consistent with the type I IFN 

response for most of the experimental groups.  Reductions compared to the PBS 

control group were found in the low neutralising antibody pre-treated group across all 

of the cytokines except for KC (CXCL1).  The absence of an inducible type I IFN 

response was also reflected in the absence of other pro-inflammatory cytokines in 

mice pre-treated with the high neutralising anti-influenza virus antibody 1 hour prior 

to influenza virus challenge.  At time points longer prior to challenge, there were small 

increases in the cytokine concentrations measured.  IL-10 was detected in only 1 of the 

BAL fluid samples assayed which could be due to the fact that this cytokine is 

responsible for a return to homeostasis which may not have been consistently 

occurring at this timepoint of analysis (Kim et al., 2011).   

 

Interestingly, an IL-12/IL-23p40 response was measured within all mouse experimental 

groups, including those, which had no other cytokine responses.  As IL-12 and IL-23 are 

strong inflammatory signals driving the TH1 response, it is not constitutively present in 
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the lungs of the mice (Hao et al., 2008).  Alternatively, there were only low control 

bead counts for this cytokine, which necessitated manual assignment of the bead 

cluster in the FCAP Array software making results associated with this cytokine difficult 

to interpret. 

 

The cytokine response measured in the mice pre-treated with the low or high 

neutralising antibody preparations was significantly different.  The low neutralising 

anti-influenza virus antibody group had a similar cytokine response when compared to 

the PBS control group indicating that the replicating virus was initiating innate 

recognition receptors at similar levels as the PBS control.  In comparison, the highly 

neutralising antibody pre-treated mice produced no measurable cytokine responses.  It 

is not unreasonable to suggest that the major difference between the two antibody 

preparations responsible for these different cytokine profiles was the neutralising 

capacity of each preparation.   

 

Significantly, from the results obtained, there does not appear to be a cytokine 

response induced by the use of heterologous ruminant antibody when delivered IN.  

Clinically this is relevant as one of the reasons to deliver the antibodies via the 

intranasal route is to avoid adverse side effects that occur by injection of heterologous 

antibody.  This is consistent with previous work within the laboratory which 

demonstrated that repeated exposure of the mouse respiratory tract to ovine IgG did 

not induce recruitment of cells to the lung (Ford, 2012).  However, in an asthma mouse 

model, neutrophilia was induced by ruminant polyclonal antibodies when used 

prophylactically (Ford, 2012).  Therefore, further testing of the antibodies in these 

situations is required.     

 

In summary, the cytokine responses in mice pre-treated with the low neutralising anti-

influenza virus antibody were not different to the PBS control group while the cytokine 

response was completely abrogated in mice pre-treated with the highly neutralising 

antibody.  The cytokine response in mice pre-treated with the low neutralising 

antibody did not offer clear insight into the significant reductions in clinical signs of 

infection.  Secondly, the absence of a cytokine response in mice pre-treated with 

protective anti-influenza virus antibody is strong support for the concept of immune 
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exclusion.  These results have possible implications for human disease; first, antibodies 

can be effective for the control of influenza virus spread and secondly, they can 

prevent cytokine-mediated pathogenesis, which is of particular importance in 

controlling virus strains which hyper-induce cytokines.    



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 7 

Discussion 
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Passive immunotherapy against influenza virus infection has significant potential for 

use as an adjunct control method during pandemic influenza outbreaks.  As a potential 

source, large quantities of appropriate polyclonal neutralising antibodies can be 

produced in relatively short periods of time via the vaccination of ruminant animals, 

specifically dairy animals.  While a significant body of research exists on the 

immunoprophylactic use of anti-influenza virus antibodies to successfully prevent 

influenza virus infection in animal models (reviewed in Mancini et al., 2011; Ye et al., 

2012; Corti and Lanzavecchia, 2013), there is only sporadic use in humans (Luke et al., 

2006) and current clinical trials of monoclonal antibodies and anti-sera (NIH Trial, 

2012; Ye et al., 2012; NIH Trial, 2013).  Hitherto, little research has been concerned 

with the modifications to the host immune response by the presence of these 

passively-acquired antibodies.  Clearly, immune prophylaxis could be particularly 

advantageous if whilst preventing virus from replication, an adaptive immune 

response could nevertheless still be induced which would be protective against future 

infection.  Alternatively, the introduction of the foreign antibody may enhance the 

immune response in the respiratory tract resulting in greater cell infiltration or 

cytokine release, potentially exacerbating lung pathology. 

 

The overall aim of this project was to produce influenza virus neutralising antibodies in 

ewes, which could prevent experimental influenza virus infection in mice and to 

investigate the impact, if any, of the application of these antibodies during the acute 

phase of the host immune response to the virus.  Initially, several different influenza 

virus antigen preparations were produced and used to immunise lactating ewes to test 

their immunogenicity and potency for inducing neutralising anti-influenza virus 

antibody responses.  A number of factors including; i) the antigen purity, ii) the total 

viral concentration and iii) inclusion of appropriate viral epitopes significantly 

influenced the quality and quantity of influenza neutralising antibody responses.  As 

such the purified split influenza virus and concentrated inactivated virus culture 

supernatant antigens produced the highest neutralising antibody titres in the serum.  

These preparations also produced measurable antibody responses in the milk of the 

ewes, consistent with previous research showing strong neutralising antibody 

responses in the colostrum of cows when immunised with a purified virus preparation 

(Ng et al., 2010).  While purification of virus for vaccine use would increase production 
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times, much of the infrastructure is already in place for seasonal vaccine production 

and the use of tissue culture methods could reduce production time (reviewed in 

Hendriks et al., 2011).  For use in cattle, immunisation with the crude preparations 

containing cell culture components may be sufficient, as long as there is a high 

concentration of viral components to produce strong neutralising antibody responses.  

The inactivated virus culture supernatant, rHA and DNA plasmid with rHA boost 

antigen preparations produced lower antibody responses.     

 

Antibody immunoprophylaxis was tested using two antibody preparations with 

different in vitro viral neutralising capacities.  The low neutralising antibody was able 

to reduce the clinical signs of influenza virus infection without reducing the replicating 

virus levels on day 3 post-infection.  Innate cytokine, cellular and humoral immune 

responses to the influenza virus infection in the respiratory tract in these groups were 

the same as the PBS control groups.  Within the literature varying levels of protection 

have been found with low neutralising anti-influenza virus antibodies, ranging from full 

protection to no protection (Treanor et al., 1990; Mozdzanowska et al., 1997; 

Mozdzanowska et al., 1999; Liu et al., 2003; Liu et al., 2004; Carragher et al., 2008; 

Straight et al., 2008; Wang et al., 2008b; Grandea et al., 2010).  Therefore, the use of 

these low neutralising antibodies would not be appropriate for protection during a 

pandemic.  However, the reasons for the reductions in clinical signs remain unclear.  At 

first we hypothesised that the cytokine levels in these groups would be reduced, as 

cytokines have been observed to be responsible for symptoms of influenza virus 

infection (Kurokawa et al., 1996; Van Reeth, 2000; Van Reeth et al., 2002).  However, 

in our mouse studies conclusive reductions in the cytokine levels in the mouse groups 

given low neutralising antibodies prophylactically were not found here.  Nevertheless, 

it is possible that the difference in the cytokine response between these experimental 

groups and the control groups may be clear at different time points, with greater 

sample numbers or analysis of cytokine gene expression.  Potential alternative 

explanations for these results are uncertain but potentially involve the increase in 

neutrophil numbers on day 3 post-infection.  Similarly, Fc-dependent mechanisms such 

as opsonisation of the virus by the antibodies or complement-dependent mechanisms 

may be involved (Terajima et al., 2011).  These results have major consequences for 

antibody prophylaxis/therapeutic mouse experiments, which report only survival and 
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weight changes without investigating virus replication.  Replication of the virus in the 

presence of antibody can lead to escape mutations away from the neutralising 

epitopes of the antibody.    

 

In contrast, the highly neutralising antibodies were able to prevent influenza virus 

infection at various antibody doses and administration times prior to influenza virus 

challenge.  The highly neutralising antibody prevented virus replication completely at 

doses as low as 12.5µg for whole IgG and 125µg for F(ab’)2.  Delivery of the antibody 

up to 3 days prior to influenza virus challenge significantly reduced the amount of 

replicating virus on day 3 post-infection.  These results demonstrate that highly 

neutralising anti-influenza virus antibodies are very efficient at preventing influenza 

virus infection, consistent with previous research (Hernandez et al., 2003; Hanson et 

al., 2005; Ng et al., 2010; Ekiert et al., 2012)(see Appendix A1 for a summary).  Not 

unexpectedly however, the antibodies used here were not effective when infection 

was already established.  Evidence presented here demonstrated that the highly 

neutralising antibody when administered 1 hour before virus infection acted via 

immune exclusion to prevent influenza virus infection by neutralising the virus 

inoculum before infection could take place.  Evidence to support this conclusion 

includes i) virus replication was prevented in an Fc-independent manner as both highly 

neutralising IgG and F(ab’)2 were both equally as effective and ii) there was no 

indication of stimulation of the host immune system in these mice when measuring 

the clinical signs of infection, innate cellular, innate cytokine and humoral immune 

responses.  From these observations it can reasonably be concluded that the 

antibodies were both effectively neutralising the virus in the upper respiratory tract as 

well as blocking its exposure to the host immune system.  To our knowledge this is the 

first time that immune exclusion has been shown to be a mechanism through which 

neutralising antibodies can prevent influenza virus infection.      

 

However, when antibodies are administered earlier at day 3 before virus inoculation 

there is a strong host anti-viral antibody suggesting some limited infection has 

occurred.  This is in contrast to the viral titres in the lungs of these mice which had no 

detectable virus on day 3 post-infection and the cytokine and innate cellular responses 

at this time point were also reduced.  Delivery of the antibody at this time point prior 
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to influenza virus challenge is more clinically relevant than the delivery 1 hour prior to 

virus exposure.  Significantly, it demonstrates that delivery of antibodies early prior to 

virus challenge results in the quick resolution of the infection without the induction of 

significant levels of cytokines or the influx of cells into the respiratory tract.  The 

production of a strong anti-viral could be an advantage in protecting individuals that 

are repeatedly exposed to the virus.  As the antibody preparation is polyclonal there is 

less likelihood of escape mutations away from the antibody binding sites.  The reason 

for the reduction in the antibody efficacy at this time point is likely due to the 

clearance of the antibody from the respiratory tract resulting in insufficient antibody 

concentration to control the virus infection.  

 

Here a small significant reduction in replicating virus was also observed with non-

specific ovine IgG, consistent with previous work (Ng et al., 2010).  A possible 

mechanism for this protection is the presence of cross-reactive antibodies in ovine 

serum which bind to the virus and are then cleared through Fc-mediated phagocytosis, 

consistent with the occupancy model of virus neutralisation where antibodies occupy 

the viral particle without binding to important functional sites (reviewed in Corti and 

Lanzavecchia, 2013).  Mice within this experimental group had reduced weight loss and 

clinical signs of infection while maintaining high host immune responses to the virus.  

Nonetheless, the virus-specific highly neutralising antibodies were far superior to the 

non-specific antibodies in their protective capacity.  

 

Several interesting phenomena were observed during the investigation of the cytokine 

response to both influenza virus infection and protection of mice by heterologous 

antibody.  Firstly, cytokine production required virus replication, as the presence of 

virus was not sufficient to initiate a host cytokine response. This is consistent with 

previous research specifically where vaccination resulted in the neutralisation of the 

challenge virus and no cytokine response was induced (Van Reeth et al., 2002; 

Quinlivan et al., 2007; Lanthier et al., 2011) and studies using UV inactivated influenza 

virus (Jewell et al., 2007).  Secondly, there was differential production of interferon 

(IFN) types.  In several groups there was production of IFN-λ when no type I IFN 

response was detectable by either bio-assay or ELISA.  Two potential explanations for 

these results are, i) the two cytokines are induced by the activation of different 
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receptors, a possibility which has been shown previously in dendritic cells (Coccia et 

al., 2004) and ii) that the concentrations of the two cytokines produced are different 

and that high levels of type III IFN were produced whilst only low levels of type I IFN 

were produced (Jewell  et al., 2010).  It is likely that these two explanations are not 

mutually exclusive and both could play a role in the observed results.  Finally, there 

was a large amount of variability within the cytokine levels measured in the Bronchial 

alveolar lavage (BAL) fluid.  However, the levels of variability are comparable with 

those previously reported (Lanthier et al., 2011).  A limitation of the current study was 

the use of a single time point for cytokine analysis, as the production dynamics vary for 

each cytokine.  This is especially true of the IFN-β and IL-10 with the former released 

early during infection (Hayman et al., 2006; Koerner et al., 2007; Mi et al., 2012) and IL-

10 later (Kim et al., 2011).  Future work investigating the kinetics of both the virus 

replication and cytokine response is indicated. 

 

In light of the observations outlined above, it is proposed that immune exclusion is the 

dominant mechanism by which the highly neutralising antibodies administered at 1 

hour prior to virus exposure prevent virus replication.  Specifically, under completely 

exclusive conditions the virus is bound by the antibodies outside of the cells of the 

respiratory tract, either in the mucosal layers or on the surface of the airways.  Under 

such conditions, the antibodies and virus are then cleared via the mucociliary escalator 

without the virus impacting on the host immune system (Figure 7.1).  The exclusion of 

the virus from the host immune system appears to be comprehensive and includes the 

innate cytokine and cellular responses along with the adaptive antibody response.  

While the adaptive cellular response was not measured extensively here, this branch 

of the immune response appears to be as affected as the others, as IFN-ɣ levels which 

can be used as a surrogate marker of cell mediated immune response were absent.  

There are two factors, which influence the antibody preparations ability to act in this 

manner.  Firstly, the neutralising capacity, with low neutralising capacity antibodies 

failing to clear the virus.  Secondly, the antibody concentration, whether due to lower 

doses or timing between antibody delivery and challenge, insufficient antibody leads 

to the virus avoiding neutralisation. 

 



 

7-7 
 

There were a number of variations on the level of protection against the virus that 

were observed in the different experimental groups resulting in different host immune 

responses (summarised Table 7.1).  Firstly, partial protection with low virus replication 

and reduced stimulation of the host immune response on day 3 post-infection, 

including low cytokine production and cellular infiltration of airways but with a strong 

humoral antiviral response.  As discussed above the mice in these groups may have 

had some limited virus replication which had been resolved prior to the day 3 post-

infection time point when the viral titres were determined.  Secondly, partial 

protection with high virus replication showed some reduction in influenza virus 

infection, specifically reduced clinical signs of infection, and included the mouse 

groups treated with the low neutralising antibody.  This experimental group had no 

reductions in the levels of replicating virus, cytokines or humoral immune response 

and had increased cellular infiltration on day 3.  As discussed above, the mechanisms 

by which these antibodies reduced the clinical signs of infection are uncertain.  The 

extent to which these groups are different to the infection groups is unclear and it is 

possible that further investigations would indicate that there was no difference.  It 

appears as though the low neutralising antibodies showed similar results to those of 

the non-specific IgG with the non-specific IgG better able to reduce virus replication.   

Finally, there were the groups with virus infection, such as the PBS and non-specific 

F(ab’)2 groups which had high virus replication and strong innate and adaptive host 

immune responses.   

 

While the work presented here forms a basis, further studies are required to fully 

understand the extent of the immune exclusion induced by passive immunotherapy.  

For example, an appropriate study of the kinetics of the cytokine response during 

passive immune exclusion needs to be examined.  Here a single time point was 

evaluated for cytokine levels at 3 days post-infection and where there was no 

replicating virus and no cytokine response a general assumption was made that this 

was the case for the course of infection.  However, when the antibody was delivered 3 

days prior to virus challenge there was no replicating virus in the lungs of these mice 

but there was measurable type I IFN in the BAL fluid collected from 2 of the 4 mice.  

There was also a detectable anti-influenza virus antibody response in these mice 

suggesting exposure to the virus with possible virus infection.  Therefore, further 
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investigation of the interplay between the cytokine and replicating virus kinetics is 

required in the mouse model.  

 

Further work would also be required to determine the optimal dosing and duration of 

protection provided by intranasal delivery of the antibody.  Experiments performed 

here with delivery of 125µg of antibody 7 days prior to virus inoculum delivery did not 

protect the mice from infection while others have shown protection of mice with 

higher concentrations at these time points (Ng et al., 2010).  Similarly, here antibody 

concentrations of 125µg did not control influenza virus infection when delivered 1 day 

after influenza virus challenge consistent with similar results by Ng et al (2010).  

However, Ng et al (2010) were able to treat established infection when ≥500µg of anti-

influenza virus antibody was administered.  Therefore, it is possible that increasing the 

dose of highly neutralising antibody, could treat influenza virus infection or provided 

longer periods of protection.  

 

Whether homologous anti-influenza virus antibodies produced by the host, would also 

be able to prevent repeated exposure to the virus also needs to be further examined.  

Here we show that when antibody is delivered earlier than 1 day prior to influenza 

virus challenge anti-influenza virus specific IgG antibodies are produced by the host in 

the absence of detectable virus replication in the lungs on day 3 post-infection.  

However, whether these antibodies would protect the host from subsequent influenza 

virus challenge was outside the scope of this study but provides interesting possibilities 

for passive immunotherapy.   To our knowledge this is the first time that the adaptive 

immune response of the host to the influenza virus after passive immunotherapy has 

been investigated. 
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Table 7.1. Characterisation of antibody treatments for influenza prophylaxis and effects on immune response. 

aOnly mouse groups to day 14 are shown as not all data was available for those groups euthanised on day 3.  

Level of influenza virus protection Experimental mouse groupsa Response to influenza virus infection 

  Virus 

Replication 

Clinical 

Signs 

Cytokine Cellular Antiviral 

antibody 

Complete Highly neutralising IgG and F(ab’)2 delivered 

1 hour prior to challenge with a dose of 

125µg 

None None None None None 

Partial – Low virus replication Highly neutralising anti-influenza virus IgG 

delivered 1 to 3 days prior to challenge 

None/Low Reduced Low  Low Strong 

Partial – High virus replication Low neutralising anti-influenza virus IgG at a 

dose of 125µg, Non-specific IgG 

 

High Reduced Strong Strong  Strong 

None PBS, Non-specific F(ab’)2,  Highly neutralising 

anti-influenza virus IgG delivered 7 days 

prior or 1 day after infection 

High High Strong Strong Strong 
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Figure 7.1. The mechanism of immune exclusion of influenza virus by anti-influenza virus antibodies in the respiratory tract.  A) No 

immune exclusion either due to no, non-specific or insufficient antibody concentrations leads to virus replication, cellular 

recruitment to the lungs with cytokine production, clinical signs of infection and humoral antibody responses.  B) Partial 

immune exclusion due to insufficient antibody concentration leads to limited virus replication, IFN-λ production, reduced 

clinical signs of infection and humoral antibody responses.  C) Complete immune exclusion by anti-influenza virus antibody 

prevents influenza virus replication and exposure to the host immune system.  Virus and antibody complexes are then 

cleared by the mucociliary escalator.   

 

 



 

7-12 
 

Prior to human clinical application, work would need to be done to assess situations 

where the lungs are already clinically compromised, such as in asthmatics, to 

determine whether antibodies may cause further complications.  Research within this 

laboratory group has shown that in an asthma mouse model, polyclonal ruminant 

antibodies delivered via the intranasal route can induce a neutrophilic response (Ford, 

2012).  These results may therefore limit the use of ruminant polyclonal antibodies in 

some sections of the population.  Alternatively, reducing immunogenicity by the 

removal of the Fc region of the antibody and use of F(ab’)2 would reduce the chances 

of this occurring, especially as the F(ab’)2 is as effective as the whole IgG.  Significantly, 

human Fc receptors do not bind sheep or bovine IgG so Fc-mediated problems would 

be avoided (Ober et al., 2001).   

 

While significant further work is required, clinically, the use of antibodies for the 

prevention of influenza virus infection has high validity.  Besides past use of 

convalescent serum during the 1918 Spanish Flu pandemic and sporadic treatment of 

hospitalised individuals, there are growing numbers of anti-influenza virus specific 

antibodies now being tested.  Convalescent patient serum was successful for 

treatment of influenza virus infection during the Spanish Flu pandemic (Luke et al., 

2006), for individuals infected with H5N1 (Zhou et al., 2007) and individuals infected 

with A(H1N1)pdm09 (Hung et al., 2011; Mair-Jenkins et al., 2015).  Currently, the use 

of human IVIG is under investigation in a clinical trial to determine whether it can be 

used to treat serious seasonal influenza virus infection (NIH Trial, 2013).  However, 

there a limits to the use of convalescent serum specifically in the availability of 

significant quantity of sera and time-frame of sear availability (reviewed in Leider et 

al., 2010; Wong et al., 2010).  Several clinical trials are also ongoing, testing 

monoclonal anti-influenza antibodies for their safety for human administration 

(reviewed in Ye et al., 2012).  The potential of using broadly neutralising antibodies 

removes time delays for the production of a strain-specific antibody which is critical 

during a pandemic outbreak, especially if large quantities of antibody could be 

stockpiled.  However, the cost and availability of sufficient quantities of monoclonal 

antibody preparations could limit their effectiveness during a pandemic.   
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Ruminant polyclonal antibodies provide a possible source of neutralising antibodies 

which if produced in the milk of diary animals could be available in large continuous 

supply, relatively cheaply and without the requirement of highly skilled individuals, 

which monoclonal antibodies and hyper-immune human serum require.  Here 

vaccination of lactating ewes with viral antigen preparations produced small quantities 

of neutralising anti-virus antibodies in the milk of the ewes.  These quantities could be 

increased with further investigation of antigen quantity, delivery route and 

immunisation schedules.  However, these antibodies are likely to be strain specific.  As 

demonstrated here these antibodies could be used to inhibit the virus replication and 

spread early during the course of a pandemic or zoonotic outbreak.    

 

Prophylactic antiviral antibodies sourced from ruminants, which are then delivered 

intranasally presents a new approach.  Intranasal application should remove the 

significant clinical complications, such as serum sickness, which could arise due to 

parental injection of heterologous antibodies.  In this context, research within this 

laboratory group has shown that daily exposure of normal mice to sheep IgG via this 

site did not cause inflammation in the mouse lungs when delivered on up to 6 

consecutive days (Ford, 2012).  In the current study, no cytokine or cellular response 

was found in mice treated with the antibody, when virus was effectively neutralised, 

indicating no adverse reaction.  While all mouse groups pre-treated with sheep 

antibody had a measurable anti-sheep IgG response by day 14 post-treatment, this 

response is unlikely to affect the efficacy of the antibodies for repeated use (Nguyen et 

al., 2010).  Moreover, antibody prophylaxis will potentially be effective regardless of 

immune memory to influenza virus strains.  Delivery of the antibodies via the 

intranasal route also supplies another advantage over injection in that the application 

can be made by unskilled individuals.  Therefore, there is the potential for the 

production of a nasal spray containing the antibodies, which could be self-

administered as required. 

 

Importantly, it has been demonstrated that the use of passive immunotherapy can 

prevent cytokine release to an influenza virus trigger; therefore it would be potentially 

useful against clinical strains which hyper-induce cytokine production in the 

respiratory tract causing mortality.  Several strains of avian influenza, including H1N1, 
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H5N1 and H7N9, cause such hyper-induction of cytokines and are a significant 

pandemic threat.  However, remove of the host cytokines is not associated with 

increased survival, as cytokine knockout mice and those treated with glucocorticoids 

have been shown to be ineffective at preventing H5N1 morbidity in a mouse model of 

infection (Salomon et al., 2007).  A recent publication reported increased survival using 

passive immunotherapy with antibodies targeted to the complement pathway, 

specifically C5a, which when unregulated can result in uncontrolled inflammation and 

tissue damage (Sun et al., 2015).  Monkeys treated with the antibody had significantly 

reduced virus titres and systemic cytokine levels (Sun et al., 2015).  Indicating that 

another potential target of passive immunotherapy could be components of the host 

immune response and potentially reduce the amount of virus strain specificity of using 

virus targeted antibodies.     

 

Passive immunotherapy has been investigated as a potentially powerful tool for the 

prevention and control of experimental influenza virus infection.  Application of virus 

neutralising antibodies directly to the respiratory tract via intranasal delivery targets 

the site of infection and removes potential complications associated with using non-

human or humanised antibodies, systemically administered via injection and reduces 

dose requirements.  Here, highly neutralising anti-influenza virus antibodies of 

appropriate concentration administered 1 hour before virus exposure resulted in the 

influenza virus being excluded from the host immune system.  While delivery of 

antibody at earlier time points prior to virus infection had no detectable virus on day 3 

post-inoculation.  Importantly, this exclusion by these antibodies was associated with 

the reduction of innate cellular and cytokine responses.  The protection observed here 

suggests that during an influenza pandemic or zoonotic outbreak, polyclonal ruminant 

antibodies might potentially provide a timely and highly effective adjunct control 

measure to vaccination, while a strain specific vaccine was produced.  Such antibodies 

could significantly prevent both virus replication and adverse host anti-viral responses, 

such as the hyper-induction of cytokines, disrupt the progress of acute infection during 

the early stages and thereby critically break the cycle of infection at an early stage. 
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Appendix A1. Prophylactic protection of influenza infection by passive immunotherapy in animal models 

Antibody Preparation 
Challenge 

Strain 

Delivery 

Route1 

Time pre-

challenge 
Outcome 

Reference 

Anti-NA sera A0 and A2 IP 24 hours Reduces lung virus titres Schulman et al. (1968) 

Gamma globulin A2 IN/IP 0 to 96 hours Increased survival closer to virus challenge 

better 

Åkerfeldt et al. (1972) 

Anti-sera H1 IP  Complete protection Virelizier (1975) 

Monoclonal anti-M2 H3N2 IP 24 hours Reduced virus lung titre Treanor et al. (1990) 

Anti-HA IgA PR8 IN 3 hours Reduced virus lung titres  Tamura et al. (1991) 

Monoclonal IgG (C179) H1N1 IP 24 hours All mice survived Okuno et al. (1994) 

Polyclonal goat H1N1, H3N2 IN 48 hours Reduction in mortality Wong et al. (1994) 

Monoclonal anti-H1 PR8 IP 24 hours Reduced virus infection of lung Mozdzanowska et al. (1997) 

IVIG H3N2 IV/IN 24 hours Increased survival Ramisse et al. (1998) 

Monoclonal PR8 IP 4 hours Reduced virus titre Mbawquike et al. (1999) 

Monoclonal Anti-NA and anti-M2 H1N1 IP 24 hours No prophylactic effect Mozdzanowska et al. (1999) 

Monoclonal anti-HA2 H5N2 IP 24 hours 100% survival vs 0% in control Smirnov et al. (2000) 

Hyper-immune sera PR8 IP 4 hours Increased survival Huber et al. (2001) 

IVIG H3N2 IN 2 or 4 days No mortality and reduced weight loss Dreffier et al. (2003) 

IVIG, monoclonal anti-H3N2, IgM, 

F(ab’)2 

H3N2 IN 3 hours to 7 

days 

Decreased mortality and reduced weight loss Hernandez et al. (2003) 

Monoclonal anti-M2e PR8 IP 24 hours Reduction in mortality Liu et al. (2004b) 

Monoclonal anti-H1 PR8 IV 24 hours Reduction in mortality Renegar et al. (2004) 

Humanized Mouse H5N1 IP 24 hours Reduced Mortality Hanson et al. (2006) 

Monoclonal anti-HA2 H3N2 IV  Increased survival, reduced lung titres and 

damage 

Gocnık et al. (2007) 



 

 

A
-3

 

Anti-H5N1 sera, anti-huN1 sera H5N1  18 hours Increased survival with non-matching NA Sandbulte et al. (2007) 

Human monoclonal anti-H5 H5N1 IP 24 hours Reduction in mortality Simmons et al. (2007) 

Polyclonal Anti-HA1 of HA2 H1N1, H3N2 IV  Increased survival Gocník et al. (2008) 

Anti-serum H1N1, H3N2 IP 24 hours Reduced levels of influenza-induced tachypnea2 Straight et al. (2008) 

Monoclonal anti-HA2 (CR6261) H1N1, H5N1 IP/IV 24 hours 100% survival from lethal H1N1 or H5N1 

challenge, protected as well as Oseltamivir 

Throsby et al. (2008); Ekiert 

et al. (2009); Koudstaal et al. 

(2009) 

Monoclonal Anti-M2e H1N1 IP Up to 6 days Increased survival Wang et al. (2008b) 

Combination of 2 complementary 

anti-H5N1 monoclonal antibodies 

Multiple H5N1 IP 24 hours Increased survival Prabakaran et al. (2009) 

Monoclonal anti-HA2 H5N1 Clade 1.0 and 

2.1 H5N1 

IP 24 hours Reduced mortality and viral load Prabhu et al. (2009) 

Monoclonal anti-HA fusion peptide 

(F10) 

Multiple H5N1 

Strains 

IV 1 hour Increased survival Sui et al. (2009) 

Monoclonal anti-HA1 (S139/1) H1N1, H3N2 IP 24 hours Protects mice from multiple strains of influenza Yoshida et al. (2009) 

Cross-reactive human polyclonal H1N1pdm IP 24 hours Increased survival Boon et al. (2010) 

Broadly neutralising monoclonal Multiple Strains IP 24 hours Increased survival and reduced lung viral titres Corti et al. (2010) 

Monoclonal anti-HA2 (CR6261) H5N1 IV 24 hours Increased survival, reduced viral lung and 

damage3 

Friesen et al. (2010) 

Monoclonal from survivor library 2009 H1N1pdm IP 1 hour Protected mice from infection Kashyap et al. (2010) 

1918 anti-H1N1, anti-2009 

H1N1pdm monoclonals and 

polyclonal anti-2009 H1N1pdm 

 

2009 H1N1pdm 

 

IP 

 

24 hours 

 

Protected mice from infection 

 

Manicassamy et al. (2010) 

2009 H1N1pdm anti-sera 1918 H1N1 IP 24 hours Protected mice from death by 1918 H1N1 Medina et al. (2010) 

Hyper-immune bovine IgG and 

F(ab’)2 

PR8 IN 1, 2, 3 or 7 

days 

Prevented infection with whole IgG and F(ab’)2 Ng et al. (2010) 
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Anti-H5N1 IgY H5N1 and H5N2 IN 6 hours  100% survival compared to 0% in controls Nguyen et al. (2010) 

Monoclonal anti-H5N1 H5N1 IP 24 hours Prevent infection  Oh et al. (2010) 

C179 2009 H1N1pdm 

and H5N1 

IP/IN 1 or 24 hours IN required less antibody to protect mice Sakabe et al. (2010) 

Broadly neutralising anti-H3N2 

monoclonal 

H3N2 IP 1 hour Protection from lethal infection Wang et al. (2010) 

Monoclonal anti-H5N1 IgA H5N1 IN 24 hours 100% protection Ye et al. (2010) 

Broadly neutralising monoclonal 

(F16v3) 

H1N1, H3N2 

and H5N1 

IV 3 hours Increased survival and reduced weight loss Corti et al. (2011) 

Broadly neutralising monoclonal 

(CR8020) 

H3N2 and H7N7  24 hours Complete reduction in morality Ekiert et al. (2011) 

Hyper-immune H5N1 sera H5N1  24 hours Lower weight loss and clinical signs without 

viral titre reductions3 

Rockman et al. (2011) 

Monoclonal anti-H1N1pdm 2009 H1N1pdm IN 24 or 72 

hours 

Protect mice from challenge Shao et al. (2011) 

Monoclonal anti-H1N1pdm 

(broadly neutralising) 

Multiple H1N1 

strains 

IP 12 hours Protect mice from challenge Wrammert et al. (2011) 

Broadly neutralising monoclonal 

(C05) 

H1N1 and H3N2 IP 24 hours Protected from lethal infection and weight loss Ekiert et al. (2012) 

Ferret anti-sera 2009 H1N1pdm IP From 3 days Increased survival Fang et al. (2012) 

Broadly neutralising monoclonal 

(CR8043) 

H3N2 and H7N7 IV 24 hours 100% survival against H3N2 and increased 

survival against H7N7 

Friesen et al. (2013) 

Monoclonal anti-H1N1pdm H1N1pdm IP/IN 3 hours IN application of IgG is as effective as using IgA Seibert et al. (2013) 

Monoclonal single domain  H5N1 IP/IN 2 hours 100% survival Tillib et al. (2013) 

Broadly neutralising monoclonal 

(6F12) 

Multiple H1N1 

strains 

IP 2 hours FcγR involvement is required for protection 

with broadly neutralising antibodies 

DiLillo et al. (2014) 
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1IP Intraperitoneal, IN Intranasal, IV Intravenous  
2Work done in rats 
3Work done in ferrets 
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Appendix A2. Treatment of influenza infection by passive immunotherapy in mouse model of influenza infection 

Antibody Preparation 
Challenge  

Strain 

Delivery 

Route1 

Time Post 

Infection 
Outcome 

Reference 

Anti-NA sera A0 and A2 IP 24 hours Reduced virus levels Schulman et al. (1968) 

Gamma globulin A2 IN 0 to 24 hours Increased survival the closer to challenge better Åkerfeldt et al. (1972) 

Hyper-immune sera H3N2 IP 3, 5 or 7 days Reduced viral lung titres Ramphal et al. (1979) 

Ferret and goat anti-serum H3N1 IP 5 days Delayed infection Kris et al. (1988) 

Monoclonal cocktail PR8 IP 24 hours Treated infection when T helper cells couldn’t Scherle et al. (1992) 

Monoclonal IgG (C179)  IP 2 days Reduced virus titre and faster clearance Okuno et al. (1994) 

Polyclonal goat H1N1 and H3N2 IN 4, 8, 12 or 16 

hours 

100% survival at 4 and 8 hours 25% at 12 and 

16 

Wong et al. (1994) 

F(ab’)2 and Monoclonal H1N1 IP 1, 3, 5 or 7 

days 

100% clearance of virus in SCID mice Palladino et al. (1995) 

Monoclonal anti-H1 PR8 IP 24 hours Increased levels of cure after 14 days Mozdzanowska et al. (1997) 

IVIG H3N2 IV/IN 2, 8 or 24 

hours 

Treated infection, IN required less antibody Ramisse et al. (1998) 

Monoclonal Anti-NA and anti-M2 H1N1 IP 24 hours Reduced viral load Mozdzanowska et al. (1999) 

Anti-HA2 H2 and H5 IP 48 hours Protected 75% of mice Smirnov et al. (2000) 

Monoclonal anti-H1 H1N1 IP/IN 3 hours Clearance of virus from SCID mice Mozdzanowska et al. (2003) 

Monoclonal anti-H1 IgG and IgA PR8 IV  Treated infection, required less IgA Renegar et al. (2004) 
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Monoclonal M2 and HA H1N1 IP  Aided recovery  in T-cell deficient mice Mozdzanowska et al. (2005) 

Humanized Mouse H5N1 IP 1 or 3 days Increased survival to between 80 and 100% Hanson et al. (2006) 

Horse Polyclonal and F(ab’)2 H5N1 IP 24 hours F(ab’)2 protected mice from infection Lu et al. (2006) 

Human monoclonal anti-H5 H5N1 IP 24, 48 or 72 

hours 

Selected antibodies produced 100% survival 

rates 

Simmons et al. (2007) 

 

Monoclonal anti-HA2 (CR6261) 

H5N1 and H1N1  

IP/IV 

3, 4, 5 or 6 

days  

100% survival days 3 and 4, 50% protection day 

5 and 0% survival day 6. Cleared infection 

better results than Oseltamivir. 

Throsby et al. (2008); 

Koudstaal et al. (2009); 

Prabhu et al. (2009) 

Monoclonal Anti-M2e H1N1 IP 72 hours 60 to 100% survival depending on dose Wang et al. (2008b) 

Human monoclonals 1918 

survivors  

1918 H1N1

  

 24 hours Increased survival Yu et al. (2008) 

Monoclonal anti-H5 Multiple H5N1 IV 24, 48 or 72 

hours 

Increased Survival  Chen et al. (2009); Chen et 

al. (2010) 

Combination of 2 complementary 

anti-H5N1 monoclonal antibodies 

Multiple H5N1 IP 24 hours Increased survival with the delivery of the 

combination over single antibody 

Prabakaran et al. (2009) 

Anti-HA fusion peptide (F10) Multiple H5N1 

clades 

IV 24, 48 or 72 

hours 

Treated infection Sui et al. (2009) 

Anti-antigenic B site HA1 (S139/1) Multiple Strains IP 24 hours Reduced virus titre Yoshida et al. (2009) 

Monoclonal anti-HA2 (CR6261) H5N1 IV 4 or 24 hours Cleared virus2 Friesen et al. (2010) 

Anti-M2e monoclonal H5N1 and H1N1 IP 24, 72 and 

120 hours 

Increased survival Grandea et al. (2010) 

Monoclonal from H1N1pdm 

survivor library 

H1N1pdm IP 1 to 6 days Complete clearance at 1 day. Decreased 

effectiveness at later times 

Kashyap et al. (2010) 
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1918 H1N1 survivor library 2009 H1N1pdm IP 24 hours Decreased virus levels and weight loss Krause et al. (2010) 

IgG from cow colostrum PR8 IN 24 hours Cleared infection Ng et al. (2010) 

Anti-H5N1 IgY H5N1 and H5N2 IN 6 hours Increased survival Nguyen et al. (2010) 

Monoclonal anti-H5N1 H5N1 IP 24 hours Treated infection Oh et al. (2010) 

Monoclonal IgG (C179) H1N1pdm and 

H5N1 

IP/IN 24 to 72 

hours 

Lower control compared to delivery before 

challenge 

Sakabe et al. (2010) 

Broadly neutralising anti-H3N2 

monoclonal 

H3N2 IP 24 or 48 

hours 

100% survival vs 0% for controls Wang et al. (2010) 

Monoclonal anti-H5N1 IgA H5N1 IN 24 hours 100% protection with highest dose Ye et al. (2010) 

Broadly neutralising monoclonal 

(F16v3) 

H1N1, H3N2 

and H5N1 

IV 48 hours Increased survival and reduced weight loss Corti et al. (2011) 

Broadly neutralising monoclonal 

(CR8020) 

H3N2 and H7N7  48 hours Complete reduction in morality  Ekiert et al. (2011) 

Broadly neutralising monoclonal  1918 H1N1 IP 24 hours Reduced virus titres Krause et al. (2011) 

Monoclonal anti-H1N1pdm 2009 H1N1pdm IN 24 or 72 

hours 

Increased survival rates Shao et al. (2011) 

Monoclonal anti-H1N1pdm 

(broadly neutralising) 

Multiple H1N1 

strains 

IP 60 hours Treated infection Wrammert et al. (2011) 

Humanized mouse anti-H5 

monoclonal 

Four H5N1 

strains 

IV 24 hours Treated infection Zheng et al. (2011) 

Broadly neutralising monoclonal 

(C05) 

H1N1 and H3N2 IP 24, 48 or 72 

hours 

100% survival Ekiert et al. (2012) 
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Human-macaque chimeric 

monoclonal 

H5N1 IP 24, 48 or 72 

hours 

Increased survival and decreased lung viral titre Meng et al. (2011) 

Monoclonal anti-H1N1pdm H1N1pdm IP/IN 24 hours Reduced effectiveness compared to 

prophylactic application 

Seibert et al. (2013) 

Monoclonal single domain 

monoclonal 

H5N1 IP/IN 24 hours 100% survival Tillib et al. (2013) 

1IP Intraperitoneal, IN Intranasal, IV Intravenous  
2 Work done in ferrets 
 

  



 

 

Appendix A3. Animal monitoring sheet 
RODENT POST-OPERATIVE/ACUTE TREATMENT MONITORING 

INDIVIDUAL MONITORING RECORD 
AEC Project No.:                                      EMERGENCY CONTACTS 
Animal ID:                           #1:    Ext  Home  
Strain, Age, Sex:                          #2:    Ext  Home  
Procedure Undertaken: ________________ Date ________   #3:    Ext  Home  

 Date               

 Time               

 Observer’s Initials                

Clinical Examination Possible abnormal findings Score Score Score Score Score Score Score Score Score Score Score Score Score Score 

Initial Weight/ 
Precalculated 15-20% 
weight loss 

Note – Calculate the 15-20% weight 
loss after first weighing 

              

Weight /  % weight 
 

Weight loss of 25% or more will 
mean immediate euthanasia 

              

Self grooming Reduced; ruffed hair    (Y/N)               

Communal Behaviour Reduced (isolated); inactive   (Y/N)               

Respiratory Signs Laboured or rapid   (Y/N)               

Eating and drinking 
Behaviour 

Sunken eyes; skin over back 
remains folded when pinched  (Y/N) 

              

Bodily condition Prominent vertebral spinous 
processes, scapular, pelvis   (Y/N) 

              

Clinical Score Clinical Score               

Clinical Scoring          
0 No obvious deviation from normal; Healthy      

 1 Barely ruffled fur      
2 Fur ruffled but active    

 3 Fur ruffled, inactive  
 4 Fur ruffled, inactive, hunched 
 5 Dead     

NOTE: Once mice have lost 15% of their body weight monitoring will be increased to 4 times a day 
Weight loss of 25% or more will mean immediate euthanasia 

 Mice that have not begun to recover weight or with no reduction in their clinical score will be euthanised at day 10



 
 

A-11 

 

Appendix A4. Purification of HA and NA from influenza A/PR8 

A4.1  Introduction 

HA and NA, are the main targets of neutralising antibodies providing protective 

immunity after both natural infection and vaccination with influenza virus.  Anti-HA 

neutralising antibodies are highly strain specific but provide the best protection against 

subsequent infection by neutralising the virus before it enters cells of the respiratory 

tract.  NA on the other hand could potentially provide heterosubtypic immunity, 

because of its high conservation between strains (Sandbulte et al., 2007; Maurer-Stroh 

et al., 2009).  In traditional vaccines where NA is present with HA at a similar ratio to 

wild type virions, antigenic competition between the two proteins results in low NA 

antibody levels (Brett and Johansson, 2005).  Therefore, purification of these surface 

proteins allows comparisons to be made of the individual anti-influenza activities of 

the two proteins.   

 

A4.2 Methodology 

Purification of HA and NA using chromatography was developed from Johansson et al 

(1989) and Gallagher et al (1984) and was as follows.  Virus was cultured on cytodex 

beads (2.2.2) and purified by sucrose gradient (2.2.4) An equal volume of 15% 

Octylglucoside in Sodium Acetate Buffer was added to purified influenza virus, 

vortexed and left overnight at 4oC, and then centrifuged at 17,500xg for 60 minutes.  

The supernatant was collected and 100µL of 2% Cethyltrimethylammonium bromide 

(CTAB) was added for every 2mL of supernatant.  DEAE Sephadex A-50 beads (GE 

Healthcare, Uppsala, Sweden) were swollen in NA elution buffer (0.05M Tris-HCl, pH 

7.5; 0.1% Octylglucoside) packed into a 8cm x 1cm (8mL) chromatography column and 

equilibrated in NA elution buffer overnight on a BioLogic LP fractionator with BioLogic 

BioFrac fraction collector at a flow rate of 0.1mL/minute.  The sample was loaded onto 

the column with NA elution buffer for several column volumes, and then washed with 

low salt HA elution buffer (0.05M Tris-HCl, pH 7.5; 0.1M NaCl; 0.1% Triton X-100).  

After ten to fifteen 2mL fractions were collected, the buffer was switched to high salt 

HA elution buffer (0.05M Tris-HCl, pH 7.5; 0.2M NaCl; 0.1% Triton X-100) and a further 

ten to fifteen 2mL fractions were collected.   Fractions were buffer exchanged into PBS 

using Amicon ultrafiltration membranes before analysis. 
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Oxamic acid agarose separation of HA and NA was modified from Hocart et al. (1995).  

An equal volume of 15% Octylglucoside in Sodium Acetate Buffer was added to 

purified influenza virus, vortexed and left overnight at 4oC, and then centrifuged at 

17,500xg for 60 minutes.  The supernatant was collected and loaded onto the column.  

The Oxamic acid agarose (Sigma, MO, USA) was packed into a 8cm x 1cm (8mL) 

chromatography column and then activated by washing with Activation Buffer (0.1M 

Sodium Bicarbonate, pH 9.1; 0.1% Triton X-100) for 5 column volumes.  The column 

was equilibrated with Equilibration Buffer (0.05M Sodium Acetate, pH 5.5; 0.1% Triton 

X-100) for 5 column volumes and the sample loaded onto the column and washed with 

HA Elution Buffer (0.1M Sodium Acetate, pH 9.1; 0.1% Triton X-100) for 5 column 

volumes.  The buffer was switched to NA Elution Buffer (0.15M Sodium Acetate, pH 

5.5; 0.002M Calcium Chloride; 0.1% Triton X-100) and run for 5 column volumes while 

collecting the eluted fractions.  Fractions were buffer exchanged into PBS using Amicon 

ultrafiltration membranes before analysis. 

 

A4.3 Results 

Purification of the surface proteins from influenza A/PR8 virions was undertaken using 

chromatography.  Fractionation of purified influenza A/PR8 virus by anion exchange 

chromatography using DEAE Sephadex A-50 showed a characteristic flow through peak 

and increases in UV absorbance after switching to elution buffers (Figure A4.1).  

However, the elution peak failed to return to baseline absorbance levels, as would be 

expected after all protein is eluted from the column.  The likely explanation is that the 

elution peak is an artefact of Triton X-100 included in the elution buffers; Triton X-100 

is known to have a UV absorbance at 280nm, the wavelength detected by the 

fractionator (Product Information from Sigma Aldrich).  Protein concentration analysis 

showed protein in both flow through and elution fractions suggesting that the majority 

of HA and NA activity flowed off the column without binding (Table A4.1).   

 

With the abovementioned co-elution of the surface viral proteins, we next attempted 

the separation of HA and NA from influenza A/PR8 virus using NA binding oxamic acid.  

The UV absorbance profile of protein eluting from the oxamic acid column showed a 
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flow through peak followed by a small peak and then an increase in the UV absorbance 

(Figure A4.2).  However, similar to the DEAE Sephadex A-50 profile, the second elution 

peak did not return to baseline levels, probably due to the inclusion of Triton X-100.  

Analysis of the fractions for HA and NA activity (Table A4.2), showed no NA activity 

detectable in any fraction while HA activity was found at low levels in all fractions.  

These results could be explained as either the NA concentrations were below 

detectable levels and hence inadequate quantities of the proteins were present or a 

continuing lack of separation of the proteins.  Subsequent experimentation along this 

line of enquiry was halted as attention was focused on other methods of antigen 

production. 

 

A4.4 Discussion 

While HA is the major immunogenic surface protein and anti-HA antibodies neutralise 

the virus and prevent binding to cells, anti-NA antibodies can also provide protection.  

However, in whole virus vaccines containing HA and NA at a ratio of approximately 4:1, 

the induced antibody response is largely HA-specific (Bosch et al., 2010).  Purification 

of the HA and NA surface proteins allows for the production of a vaccine which has the 

two proteins at similar concentrations, resulting in a greater immune response to both 

viral proteins (Bosch et al., 2010).  Purification of HA and NA directly from the influenza 

A/PR/8/34 virus strain was unsuccessful in our hands, therefore no further studies with 

these antigens were undertaken.  Using DEAE Sephadex A-50 anion exchange 

chromatography, the NA and HA of influenza A/PR8 (H1N1) both flowed through the 

column without binding.  Purification of the two proteins from some subtypes of 

influenza viruses (including H1N1) is extremely difficult as the size, structure and 

chemical properties of the two proteins are very similar (Gallagher et al., 1984).  

Oxamic acid agarose also failed to separate the two proteins. However, in future the 

use of different influenza subtypes (H3N1) or other separation techniques, such as 

affinity chromatography or zonal centrifugation; it may be possible to separate these 

two surface proteins from influenza A/PR8 virions.  
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Figure A4.1. A representative chromatograph of the DEAE Sephadex A-50 

fractionation of influenza A/PR8 virus.  The blue line indicates the UV 

absorbance measured at 280nm and the red line indicates the 

conductivity of the solution.  Detergent disrupted influenza A/PR8 was 

loaded onto the equilibrated Sephadex A-50 column, washed with NA 

elution buffer before switching to low salt HA elution buffer (indicated 

by first arrow).  A second increase in the solution conductivity 

corresponded to the higher ionic strength of the high salt HA elution 

buffer (indicated by second arrow). The fractions were collected as 

follows; the flow through as indicated, the column wash flow through to 

first arrow and post the first arrow was the elution fraction. 

  

Flow Through 
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Table A4.1. Protein analysis of fractions after DEAE Sephadex A-50 fractionation of 

influenza A/PR8 virus.   

Fractiona HA Endpoint 

dilutionb 

NA activityc Protein Concentrationd 

(µg/mL) 

Purified Virus 1/256 Yes 159 

Flow Through 1/256 Yes 573 

Column wash 0 No 0 

Elution 1/16 Minor 323 

a Fractions as described in Figure A4.1 legend. 
b HA endpoint titre was the last dilution to cause complete hemagglutination of RBC measured by HA 
assay. 
c NA activity was determined as present if the NA reaction produced a pink colour distinct from that of 
the white PBS control as measured by NA assay. 
d Protein concentration was measured by Bio-Rad assay. 
 
 
 
 

Table A4.2. Hemagglutination and Neuraminidase activity of fractions from oxamic 

acid agarose fractionation of influenza A/PR8.   

Fractiona HA Endpoint dilutionb NA activityc 

Pre Column 1/256 Yes 

Flow Through 1/16 No 

Column wash 1 1/8 No 

Elution peak 1 1/32 No 

Column wash 2 1/8 No 

Elution peak 2 1/16 No 

a Fractions as described in Figure A4.2 legend. 
b HA endpoint titre was the last dilution to cause complete hemagglutination of RBC measured by HA 
assay. 
c NA activity was determined as present if the NA reaction produced a pink colour distinct from that of 
the white PBS control as measured by NA assay. 
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Figure A4.2. Representative chromatograph of oxamic acid agarose purification of 

neuraminidase from influenza A/PR8 virus.  The blue line indicates the 

UV absorbance measured at 280nm and the red line indicates the 

conductivity of the solution.  Detergent disrupted purified influenza 

A/PR8 was added to the activated and equilibrated oxamic acid agarose 

column, then washed with HA elution buffer for approximately 5 column 

volumes.  The NA was eluted by switching to the NA elution buffer.  

Fractions were collected as follows, the flow through as indicated, flow 

through to first arrow was column wash 1, at first arrow was elution 

peak 1, followed by column wash 2 between the two arrows and post 

the second arrow was elution peak 2.    

 

 
 
 

 
  

Flow Through 
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Abstract

In the event of a novel influenza A virus pandemic, prophylaxis mediated by antibodies provides an adjunct control option
to vaccines and antivirals. This strategy is particularly pertinent to unvaccinated populations at risk during the lag time to
produce and distribute an effective vaccine. Therefore, development of effective prophylactic therapies is of high
importance. Although previous approaches have used systemic delivery of monoclonal antibodies or convalescent sera,
available supply is a serious limitation. Here, we have investigated intranasal delivery of influenza-specific ovine polyclonal
IgG antibodies for their efficacy against homologous influenza virus challenge in a mouse model. Both influenza-specific IgG
and F(ab’)2 reduced clinical scores, body weight loss and lung viral loads in mice treated 1 hour before virus exposure. Full
protection from disease was also observed when antibody was delivered up to 3 days prior to virus infection. Furthermore,
effective prophylaxis was independent of a strong innate immune response. This strategy presents a further option for
prophylactic intervention against influenza A virus using ruminants to generate a bulk supply that could potentially be used
in a pandemic setting, to slow virus transmission and reduce morbidity associated with a high cytokine phenotype.
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Introduction

A serious pandemic threat lies with a new emerging influenza A

virus that is highly virulent and transmissible and to which humans

have weak or no prior immunity [1,2,3,4]. Additionally, seasonal

influenza afflicts millions of people each year and is responsible for

over 250,000 annual deaths, despite available vaccination and

antiviral drugs [5]. Mortality rates for zoonotic avian influenza

viruses have reached 60% worldwide for H5N1 and approxi-

mately 30% for a newly emerged pathogenic H7N9 strain in

China [6,7]. The lag time required to produce and distribute

vaccines against influenza once a newly emergent virus strain has

been identified is likely to render many unprotected and at risk.

Indeed, during the last pandemic, the novel 2009 H1N1pdm swine

influenza virus was able to rapidly disseminate worldwide in six

weeks despite a record rate of manufacture of a strain-specific

vaccine, albeit with doses available to cover only 10% of the

world’s population. A new approach is needed, particularly one

supplementing those aspects where influenza control by vaccina-

tion is constrained, including the variable immunogenicity and

protracted time to develop full immunity post-vaccination in

individuals. Wide scale deployment of a prophylactic able to

provide immediate protection regardless of age and immune

memory, even if only temporarily, could dramatically reduce the

number of cases by preventing/reducing virus infection and

thereby have a significant impact on virus spread.

To augment the pandemic vaccination approach [8], adjunct

regimes of passive immunity mediated by antibodies specific for

influenza virus have been investigated [9,10,11]. Convalescent

human sera from survivors of the H1N1 Spanish Flu pandemic

have been effective in reducing the mortality rate but supply is not

readily available [12,13]. Although passive immunotherapies using

human monoclonal antibodies specific for viral HA and NA

subtypes and conserved M2 have demonstrated efficacy in

animals, equivalent to the antiviral drugs amantadine, oseltamivir

and zanamivir [14,15,16], their production and distribution

requirements would likely be impractical for emergency use and

potentially drive virus escape mutations, thereby limiting their

efficacy [17]. Polyclonal antibodies generated in ruminants by

vaccination with influenza A viruses have been shown to be

prophylactic in animal models of influenza with reduced lung virus

titres and increased survival upon virus challenge [18,19,20]. Most

often the delivery of antibody has been systemic via the

intraperitoneal or intravenous routes requiring large doses.

However, benefits of intranasal administration of antibodies are

dose sparing with targeting to the primary site of natural exposure

to influenza viruses. Topical delivery of antibodies to the

respiratory tract mucosa may also offer advantages of simple

self-administration by nasal spray. Moreover, production of

neutralizing antibodies against different influenza A virus groups

could be stockpiled for immediate use in controlling virus

outbreaks [21].
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Although intranasal delivery of influenza virus-specific antibod-

ies derived from bovine colostrum has been shown to provide

protection against influenza A virus infection, their influence on

host immune responses have not been reported [22]. Homeostasis

is paramount in the lung [23], however, during virus infection, the

rapid induction of innate cytokine responses, including the type I

interferons, are essential for effective influenza-specific immunity

[24,25]. Interferon-a/b have potent and direct antiviral properties

in addition to modulatory effects on immune responses but

hyperinduction of cytokines in the respiratory tract leads to acute

lung injury and acute respiratory distress syndrome in some

individuals, which can be fatal [26,27]. This was most evident in

the 1918 Spanish Flu pandemic, especially in healthy young adults

with a robust immune system [28]. A significant benefit would be

to provide antiviral immunity whilst protecting predisposed

individuals and those in age groups susceptible to severe illness

caused by such ‘‘cytokine storms’’ induced by their inflammatory

responses in exposure to lethal influenza A virus strains. In this

study, we have investigated the efficacy and influence on the

innate immune response of influenza-specific polyclonal antibod-

ies, raised in sheep, against influenza in a mouse model. We report

that a single topical administration of virus-specific polyclonal IgG

elicits complete protection when delivered up to 3 days before

virus exposure, largely independent of the induction of innate

cytokine pathways.

Materials and Methods

Animal Ethics
Animal experimentation was compliant with the Australian

Code of Practice for the Care and Use of Animals for Scientific

Purposes. All mouse (Mus musculus) experimentation was conducted

with approval from Murdoch University (R2229/09) and The

University of Western Australia (RA/3/100/89) Animal Ethics

Committees. All sheep (Ovis aries) experimentation was performed

with ethics approval from Murdoch University (R2178/08) and

conducted at the Murdoch University Veterinary Farm.

Influenza A Virus Antigen Preparations
Antigen preparations for immunization of sheep were prepared

from influenza A/Puerto Rico/8/34 (PR8) virus obtained from

ATCC and propagated in confluent Madin Darby Canine Kidney

(MDCK) cells grown in Dulbecco’s modified Eagle’s medium

(DMEM, Sigma, MO, USA) with 0.5% fetal calf serum (Gibco,

Aukland, NZ) and 5mg/mL trypsin, penicillin (100 U/mL) and

streptomycin (100mg/mL) (Sigma, MO, USA). Crude tissue

culture supernatant containing virus was inactivated with formalin

(Sigma, MO, USA) for 65 hrs at 37uC and clarification by

centrifugation at 5,2506 g for 5 min. Bulk tissue culture

supernatant containing virus was also concentrated using a

10 kDa membrane cut-off Amicon (Millipore, Cork, Ireland),

pelleted by centrifugation at 114,0006 g for 90 min at 4uC and

purified by sucrose gradient ultracentrifugation [29]. The purified

virus was then resuspended in 1 mL 0.05 M sodium acetate/

2 mM sodium chloride/0.2 mM EDTA (pH 7.0) and detergent-

disrupted by treatment with 0.01% Triton X-100 (Sigma, MO,

USA) overnight at 4uC and then diluted in PBS. Virus antigens

were prepared as water-in-oil emulsions with Titermax Gold

adjuvant (CytRx Corporation, GA, USA) and contained 0.3 mg

protein/mL per vaccine dose as determined by the Bradford

protein assay.

Ovine Serum and Whey Samples
Lactating ewes were immunized with either inactivated virus

antigen or purified detergent-disrupted virus antigen preparations

in the gluteal muscle mass of the hind leg, followed by a further

two boosters at day 14 and days 21–28. Blood and milk was

collected at days 45–58 from immunized sheep and non-

immunized sheep as a control. Both serum and whey were stored

at 220uC.

Antibody Purification
IgG purification from serum was performed using Protein-G

affinity chromatography, with PBS (pH 7.3) as running buffer and

0.1 M Glycine (pH 2–3) as elution buffer. Eluted protein fractions

were neutralized with 1 M Tris (pH 7.5–9) and then diafiltrated

with PBS using 10 kDa cut-off membranes. Protein was concen-

trated using 50 kDa cut-off Amicon ultrafiltration membrane and

endotoxins removed with Detoxi-GelTM columns (Thermo Scien-

tific, Rockford, USA). For F(ab’)2 preparation, purified IgG was

dialyzed against 0.2 M sodium acetate (pH4.5) for 4 hr at 4uC and

digested (1 mg/ml) with pepsin (0.1 mg/ml) for 24 h at 37uC,

after which the pH was increased to 8.0 with 2 M Tris base and

the resulting F(ab’)2 fragments dialysed against PBS overnight at

4uC. Purified IgG and pepsin digested IgG were characterized by

SDS-PAGE. Under reducing conditions, two major bands were

seen for IgG, representing H (50 kDa) and L (25 kDa) chains,

whereas the F(ab’)2 preparation showed L (25 kDa) chains only

(data not shown). Protein concentrations were determined by

absorbance at 595 nm wavelength by the Bradford method using

colorimetric protein assay (Bio-Rad, CA, USA) and spectropho-

tometry.

Hemagglutination Inhibition (HI) Assay
HI assays were performed according to standard protocols [30]

using receptor destroying enzyme, 4 hemaggluninating units

(HAU) of influenza PR8 virus and 1% chicken erythrocytes in

round-bottom microtitre plates (Falcon, USA). Titres were

expressed as the reciprocal of the highest dilution of antibody

sample that inhibited hemagglutination.

Neuraminidase Inhibition (NI) Assay
The NI assay was performed as previously described with a 1 hr

incubation of 25mL anti-serum and 25mL influenza PR8 virus at

room temperature prior to neuraminidase assay using fetuin and

periodate, arsenite and thiobarbituric acid reagents in 96-well

tissue culture plates [31,32].

Microneutralization (MN) Assay
Determination of virus neutralization titres of heat-inactivated

whey and serum samples was performed using standard protocols

and 102TCID50 influenza PR8 virus [33]. MDCK monolayers

were grown to confluency in DMEM and 10% FCS before

washing twice with PBS. Serially diluted antibody preparations

were mixed with an equal volume of virus and incubated for

60 mins at 37uC and 5%CO2. MDCK cells were then incubated

in duplicate, with 100mL of virus/antibody mixtures diluted in

DMEM with 0.5% FCS and 5mg/mL trypsin, for 72 hours at

37uC and 5%CO2. Cytopathic effect was scored and the MN titre

expressed as the reciprocal of the highest dilution with 100%

inhibition of cytopathic effect.

Hemagglutination (HA) Assay
The hemagglutination assay (HA) was performed using

standard protocols described by the World Health Organisation

Passive Antibody for Influenza
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[30]. Briefly, PR8 virus was serially diluted in PBS/0.1% FCS and

incubated with 1% chicken red blood cells in U-bottom shaped

microtitre plates at 4uC for 60 minutes. 1 HAU was defined as the

reciprocal of the last dilution to provide complete hemagglutina-

tion of the RBC.

Antibody ELISA
Mouse anti-sheep antibodies were determined by ELISA [34]

using sheep IgG (1mg/well, Abcam, Cambridge, MA, USA) to

coat plates overnight at 4uC. Plates were blocked with 1%

ovalbumin before addition of mouse serum samples (day 14 p.i.)

that were serially diluted in PBS-Tween 20. Antibody reactivity

was detected using conjugated anti-mouse IgG alkaline phospha-

tase and 4-nitrophenyl phosphate disodium salt hexahydrate

diluted with diethanolamine buffer as substrate. Absorbance was

read at 405 nm by spectrophotometry.

Treatment Protocol and Challenge Infection of Mice
Specific pathogen-free inbred BALB/c mice (6–10 weeks old)

were obtained from the Animal Resource Centre (Murdoch, WA,

Australia) and housed at the Animal House facility at Murdoch

University. Mice were lightly anaesthetized with methoxyfluorane

before infection with 25mL influenza PR8 virus (102TCID50) by

the intranasal route via administration by micropipette to the

nares. For antibody prophylaxis, mice were given 25mL antibody

or PBS by the intranasal route 1 hr, 1 day, 3 days or 7 days before

virus infection or 1 day after virus infection. Mice were killed by

lethal dose of sodium pentobarbitol 3 days after virus infection for

determination of virus titres in the lungs or monitored daily for

clinical symptoms (ranging from 0–5) and weight changes over 2

weeks p.i. Clinical scores were defined as 0) healthy, 1) barely

ruffled fur, 2) fur ruffled but active, 3) fur ruffled and inactive, 4)

fur ruffled, inactive and hunched appearance, and 5) dead. Mice

were culled if they had lost .25% body weight and reached a

clinical score of 4, due to ethical considerations. Mice were bled at

day 14 p.i. and serum stored at 220uC.

Lung Characterization
Virus loads in the lungs were determined by TCID50 assay using

lung homogenates (20%w/v) and MDCK cells. The log10 TCID50

titre was calculated according to the Reed and Muench method

[35]. Bronchioalveolar lavage (BAL) was performed using 0.5 mL

PBS with three washings for each animal. BAL fluid samples were

centrifuged at 4506g for 10 mins and the supernatant stored at 2

80uC.

Cytokine Assays
Type I interferons in the BAL fluid samples were quantitated in

the bioassay as previously described [36] using 70% confluent

L929 cells grown in DMEM and 10% FCS at 37uC and 5%CO2.

Cells were washed twice in PBS and then the IFN standard

(Universal IFN, PBL Interferon Source, NJ, USA) or samples

serially diluted in DMEM and 1% FCS were added in duplicate to

the cells and incubated overnight at 37uC and 5%CO2. Following

a further 24 hr incubation with encephalomyocarditis virus, a

reduction in cytopathic effect (CPE) was indicative of antiviral

activity and endpoint titres determined by the highest dilution

resulting in 50% reduction of CPE.

Flow cytometry was used to determine IFN-c, IL-1b, TNF-a,

IL-6 and CXCL1 levels in the BAL fluid samples by cytokine bead

array according to manufacturer’s instructions (BD, MD, USA).

Fluorescence was measured using the FACSCanto II and

FACSDiva V6.1.2 (BD Biosciences) software. Data was analyzed

using FCAP Array V3.0 software based on 5 parameter logistic

curve fits.

Statistical Analysis
Statistical analyses were performed using ANOVA with Tukey’s

multiple comparison test (Prism V5 GraphPad Software Inc., CA.

USA). P values ,0.05 were considered significant and are shown

for comparisons of treatment groups with PBS controls unless

stated otherwise.

Results

Immunogenicity of whole inactivated and split influenza
PR8 virus vaccines in sheep

Advantages of tissue culture-based vaccines are that most

influenza A virus strains grow well in cell culture without the need

for extensive reassortment, which is required to produce seed

viruses, and have a shorter scale-up period than egg-based systems

[37,38]. As different vaccine formulations can vary in efficacy

according to species, we evaluated the immunogenicity of several

PR8 H1N1 virus vaccine types prepared using cell culture systems

on antibody production in sheep. Sheep were chosen as a suitable

alternative ruminant to more expensive and larger cattle while

allowing proof-of-concept studies in influenza prophylaxis using a

mouse model. Thus in order to evaluate the immunogenicity of

different virus antigen preparations, we examined the effect of

whole inactivated virus and detergent-disrupted (split) virus on the

induction of a virus-specific antibody response in sheep. A number

of mechanisms including binding to HA and NA are required for

neutralization of influenza A viruses [39]. For this reason we used

HI, NI and MN assays to determine ovine antibody specificity to

influenza PR8 virus. HI and MN antibody titres in serum and

whey samples were generally higher in response to split virus

antigen than the inactivated virus antigen (Table 1), likely

dependent on HA protein concentrations. Only the split virus

induced antibodies in the sera with positive NI activity to

homologous PR8 virus, possibly due to higher concentrations of

the NA antigen component in the purified preparation.

Table 1. Antibody titres to influenza A/PR/8/34 (H1N1) in
sheep immunized with either whole inactivated or split PR8
virus.

Virusa Sample HIb MNc NId

Inactivated
virus

Serum 20, 320, 80 40, 640, 80 -, -, -

Whey ,10, 10, 10 ,10, ,10, ,10 ND

Split virus Serum 640, 80 12800, 6400 +, +

Whey 160, ,10 12800, 100 ND

aSheep were immunized with inactivated whole influenza A PR8/34 virus (n = 3)
or purified split PR8 virus (n = 2) with adjuvant (Titermax Gold) at weeks 0, 2 and
3–4 and samples collected at weeks 6 and 8, respectively.
bH1-specific antibody titres in sera and whey determined by HI assay using
homologous virus as antigen. Data expressed as reciprocal endpoint dilution of
sample from individual sheep.
cMicroneutralization titres in sera and whey determined by microneutralization
assay using homologous virus. Data expressed as reciprocal endpoint dilution
of sample from individual sheep.
dN1-specific antibody reactivity in sera determined by NI assay using
homologous virus as antigen and expressed as (+) positive or (-) negative for
individual sheep.
doi:10.1371/journal.pone.0089674.t001
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Virus neutralization by PR8-specific ovine IgG in vitro
A number of antibody isotypes are found in the humoral

response to influenza virus infection, but IgG plays a predominant

role in virus neutralization [40,41]. To evaluate the contribution of

ovine IgG in neutralization of virus, IgG was purified using protein

G affinity chromatography. Purified IgG from the split virus-

immunized sheep was found to have a higher MN titre (6400) than

the serum from the inactivated virus immunized sheep (320),

however both purified IgG preparations had a reduced MN titre

than whole serum preparations, likely due to some loss during the

column chromatography process.

Prophylactic efficacy of PR8-specific ovine IgG
Antibody responses to influenza virus are important correlates

of protection against influenza infection in vivo. Since, prophylactic

use of heterologous antibody to provide passive immunity in a

different species to that of the antibody source has been successful,

we evaluated the effect of ovine antibody on influenza virus

replication in the mouse model. We compared the effects of

intranasal instillation of neutralizing virus-specific sheep IgG with

PBS as a control, on protection of mice challenged by the same

intranasal route with a sublethal dose of H1N1 influenza PR8

virus. The antibody dose of 125mg was chosen because it was

known to prevent replication of 102TCID50 influenza PR8 virus in

vitro as determined by the MN assay. Clinical scores and body

weight loss were examined daily during the first 2 weeks post-viral

challenge. PBS treatment did not significantly reduce weight loss

and clinical illness following virus challenge (Figure 1). In contrast,

neutralizing virus-specific IgG preparations elicited reduced

weight loss and lower clinical scores, even when delivered up to

3 days before virus challenge but was not effective when applied at

7 days before or 1 day after virus exposure.

Since topical delivery of virus-specific antibody to the mucosal

surface of the respiratory tract is a relevant site for protection from

exposure to replicating virus, we next examined the ability of

antibody treatment to reduce lung viral loads at day 3, a time of

peak virus replication. Both the neutralizing IgG and F(ab’)2
preparations derived from the split virus immunized sheep

significantly reduced lung viral loads in challenged mice when

antibody was administered 1 hour before virus challenge in

contrast to high viral loads in the lungs of PBS and non-specific

F(ab’)2 treated animals (Figure 2a). Partial protection was observed

in animals treated with non-specific IgG, similar to that previously

reported for bovine IgG [22]. Furthermore, clearance of virus

Figure 1. Protection of mice against influenza H1N1 virus with
ovine IgG antibodies. Lightly anaesthetized female BALB/c mice
(n = 10) were given 125mg IgG from split virus-immunized sheep or PBS
by the intranasal route one hour, 1 day, 3 days, 7 days before or 1 day
after i.n. challenge with 102TCID50 PR8 and monitored daily for clinical
illness and body weight loss. (a) Clinical score and (b) percentage
weight change data are representative of four separate experiments
with mean 6 SEM shown. *P#0.05, **P#0.01, ***P#0.001 represent
comparisons between antibody-treated (-1 hr) and PBS control groups.
doi:10.1371/journal.pone.0089674.g001

Figure 2. Lung viral titres in ovine IgG protected mice. Lightly anaesthetized female BALB/c mice (n = 5–16) were given (a) 125mg IgG or F(ab’)2

from split virus-immunized sheep, PBS or non-specific IgG or F(ab’)2 by the intranasal route one hour before i.n. challenge with 102TCID50 PR8. (b)
Mice were similarly given 125mg IgG from split virus-immunized sheep 1 day, 3 days, 7 days before or 1 day after virus challenge. Lung viral loads at
day 3 p.i. were quantitated by TCID50 assay and individual titres and mean 6 SEM are shown. Results are representative of four separate experiments
and the dashed line shows the limit of detection. ** P#0.01, ***P#0.001 represent comparisons between antibody-treated and PBS control groups.
doi:10.1371/journal.pone.0089674.g002
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infection was evident in most of the mice given influenza specific-

IgG at 3 days and 1 day before but not at 7 days before or 1 day

after virus challenge (Figure 2b). Therefore, prophylaxis with

topical administration of neutralizing IgG antibodies up to 3 days

before virus exposure can effectively control influenza.

Prevention of interferon responses in PR8-specific ovine
IgG-protected mice

Although high neutralizing IgG from sheep was shown to

neutralize PR8 virus in vitro and prevent virus replication in vivo, the

IgG-neutralized virus may be able to stimulate host innate

immune responses that rapidly clear the virus. Recognition of

foreign antigens through PAMP molecular encounters can lead to

the early induction of innate interferon responses, which have

potent antiviral properties [42,43,44]. We investigated contribu-

tion of the interferon-a response to the reduction of lung viral

loads at day 3 p.i. in antibody-protected mice. Although a strong

type I interferon response was found in the BAL samples taken at

day 3 p.i. of most of the PBS-treated animals and mice given

influenza non-specific IgG or F(ab’)2, complete abrogation of the

type I IFN response was observed in animals given 125mg of the

neutralizing IgG or (Fab’)2 derived from the split virus immunized

sheep one hour before virus challenge (Figure 3a). The timing of

antibody prophylaxis relative to virus challenge influenced the

induction of a type I IFN response in the mice (Figure 3b).

Reduced mean titres of IFN-a were found at day 3 p.i. of mice

treated with high neutralizing antibody at 7 and 3 days before

virus infection, despite some animals showing virus replication.

However, some animals showed a type I IFN response in the BAL

fluid samples when given virus-specific IgG one day after virus

infection. Taken together, these results suggest that pre-exposure

antibody treatment has potential value in neutralizing virus and

clearing the infection during the acute stages, largely without a

strong type I IFN response.

Type II IFN levels during influenza virus infection largely

indicate T cell activation and can be utilized as a biomarker for

cell-mediated immune responses [45]. IFN-c was measured by

flow cytometry in the BAL fluid samples taken at day 3 p.i. Mice

treated with neutralizing IgG derived from the split virus

immunized sheep at one hour before virus exposure had no

detectable IFN-c levels (Figure 4). Only one animal in each group

given virus-specific IgG treatment 3 and 7 days prior to virus

challenge produced an IFN-c response, whereas 3/4 animals in

the group treated 1 day post-virus challenge, mounted a type II

IFN response. In contrast to untreated animals, the cytokines IL-

1b, TNF-a and IL-6 were not detected in BAL fluid samples at

day 3 post-virus challenge of all animals pretreated with

neutralizing IgG one hour before virus exposure (Fig. 4). In

addition, TNF-a levels were significantly reduced when IgG was

given either 7 or 3 days before virus challenge. The trend of lower

IL-1b IL-6, IL-12 and CXCL1 (KC) levels was also observed in

mice given antibody prophylactically, although not reaching

significance. However, antibody delivered 1 day after virus

exposure did not significantly change the cytokine levels for IL-

1b, TNF-a, IL-6, IL-12 or CXCL1 in these unprotected mice.

Host antibody responses to PR8 and sheep Ig
As antibody responses to influenza virus are commonly used as

a correlate of protection in most species, we examined the effects

of prophylaxis on the development of endogenous antibody

responses to virus in mice using serum collected 14 days p.i. A

strong antiviral antibody response was observed in the virus-

infected PBS control mice (Figure 5a). However, circulating

antibodies had markedly reduced MN titres in mice given

neutralizing antibody one hour before virus challenge, suggesting

immediate virus neutralization. No significant changes in antibody

levels were seen for mice treated with ovine IgG 1 day, 3 days or 7

days before and 1 day after virus exposure, indicating that these

mice were virus-infected. Since xenogeneic protein can also

stimulate B cell antibody production [46], we evaluated the

humoral immune response to sheep Ig in mice (Figure 5b). Despite

no signs of adverse reactions, an anti-ovine antibody response was

generated in all mice given ovine polyclonal IgG by the i.n. route.

As expected, there was no evidence of antibody reactivity to sheep

Ig in the PBS-treated and virus-infected control mice that were not

pretreated with ovine antibodies.

Figure 3. Interferon-a responses in the BAL samples of ovine
IgG treated mice. Lightly anaesthetized female BALB/c mice (n = 5)
were given (a) 125mg IgG or F(ab’)2 from split virus-immunized sheep,
PBS or non-influenza specific control IgG or F(ab’)2 by the intranasal
route one hour before i.n. challenge with 102TCID50 PR8. (b) Mice were
similarly given 125mg IgG from split virus-immunized sheep at 3 days
before, 7 days before or 1 day after virus challenge. PBS was given one
hour before virus infection. Results are representative of two separate
experiments. Interferon-a responses in the BAL fluid samples collected
at day 3 p.i. were quantitated by bioassay and individual titres and
mean 6 SEM are shown. The dashed line shows limit of detection.
doi:10.1371/journal.pone.0089674.g003
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Discussion

In this study our objective was to evaluate the efficacy of passive

immunization with antibody on influenza prophylaxis using a

ruminant source of polyclonal IgG antibodies. Virus infection

stimulates innate immune responses that promote clearance of

influenza virus infections, but these responses can also contribute

to inflammation and pulmonary pathology [25,26]. Although

passive immunization with ruminant antibody has been shown to

be effective against influenza [47], little is known of its influence on

the host innate immune response. Since hyper-induction of innate

cytokines leads to acute respiratory distress, knowledge of the

effects of passive antibody for influenza prophylaxis on cytokine

induction is essential [48]. Here we generated polyclonal

antibodies against influenza A/PR8/34 (H1N1) virus in sheep,

which were then administered by the intranasal route to mice

followed by intranasal challenge with homologous virus. We

observed significant reduction of body weight loss, clinical signs

Figure 4. Cytokine responses in the BAL samples of ovine IgG protected mice. Lightly anaesthetized female BALB/c mice (n = 4) were given
125mg IgG from split virus-immunized sheep or PBS by the intranasal route one hour, 1 day, 3 days, 7 days before or 1 day after i.n. challenge with
102TCID50 PR8. Cytokines measured by flow cytometry using cytokine bead arrays for IL1-b, TNF-a, IL-6, IL-12, IFN-c and KC (CXCL1). Results are
representative of four separate experiments with individual titres and the mean 6 SEM shown. **P#0.01, ***P#0.001 represent comparisons
between antibody-treated and PBS control groups. The bar with asterisks denotes significance levels between the specified (+1 day and -1 hr)
antibody-treated groups.
doi:10.1371/journal.pone.0089674.g004
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and lung viral loads and identified that the ruminant polyclonal

IgG antibodies were efficacious without induction of the host

innate immune response. Thus passive immunization with

ruminant polyclonal antibodies represents an additional therapeu-

tic to the arsenal against influenza.

Whole inactivated virus was previously identified as an

inexpensive and potent immunogen in animals and is used

routinely to vaccinate many species, including poultry against

avian influenza viruses [49,50]. Split virus vaccines are currently

used for immunization to target the viral surface glycoproteins HA

and NA [51,52]. We tested the immunogenicity of these influenza

viral antigen preparations in sheep to generate circulating

antibodies. Although both viral antigen preparations induced

ovine antibody responses, the split virus antigen was more

immunogenic in sheep, largely eliciting more neutralizing

antibodies in the serum and whey as determined by the MN, HI

and NI assays, possibly due to increased viral H and N proteins.

In our study, ovine influenza-specific IgG was superior to PBS

at reducing clinical, scores, weight loss and lung viral loads in mice

when given prophylactically up to 3 days before virus exposure.

We also observed normal lung architecture in mice protected with

ovine antibody pre-treatment with ablation of the neutrophil

infiltrate in the airways at day 3 [data not shown], an immune

response shown to predict gene signatures in lethal influenza with

immune-related pathology [53,54]. Intranasal delivery of bovine

IgG was previously identified as being prophylactic for influenza in

mice, when both specificity of antibodies and challenge virus were

strain matched and administered by the i.n. route [22]. However,

these colostrum-derived antibodies are only produced for a short

period of time immediately after calving. The continuous supply of

antibodies produced in the milk of dairy animals provides a

potential bulk source of antibody. Furthermore, antibodies

delivered directly to the upper respiratory tract allows both virus

neutralization and clearance of virus infection. Antibodies instilled

in the nares of lightly anaesthetized mice must be able to protect

the upper respiratory tract from invading virus, and possibly gain

entrance to the lungs to guard against lower respiratory tract

infection. The mucosal route of delivery also minimizes the risk of

host allergic-type reactivity to foreign proteins as it is systemically

non-invasive. We have found previously, that repeated intranasal

administration of ovine IgG to mice daily for 6 days does not

induce adverse side effects, despite a neutrophil response in the

lungs [data not shown]. However, it will be important to further

assess the immunogenicity and safety of ruminant antibodies. Also

the efficacy of i.n. delivery of antibodies in protecting animals

against exposure to an aerosolized virus warrants future studies in

order to reflect natural influenza A virus transmission.

Although the protective effect of ovine IgG was complete when

a single dose of 125mg IgG was given one hour before virus

challenge, this likely indicates immediate virus neutralization in

the nasal passages as a strong endogenous antiviral antibody

response was prevented. In contrast, control mice receiving PBS

treatment 1 hour before virus challenge showed severe clinical

illness, lost significant weight, and developed an antiviral antibody

response to virus infection. To test the robustness of passive

immunity we also examined the influence of timing on protective

efficacy of ovine virus-specific IgG for influenza. Protective effects

were demonstrated with 125mg IgG delivered to mice at 1 day and

3 days prior to virus infection. As such mice also produced an

influenza-specific IgG antibody response, evident by ELISA using

day 14 immune sera, this result suggests that the protective ovine

antibodies were capable of clearing an acute virus infection in the

respiratory tract. However, therapeutic use of IgG even 1 day after

virus infection did not reduce viral load in the lungs or lessen

clinical disease symptoms. This was an unexpected finding as

others have reported therapeutic efficacy of antibodies, although

protection was reduced with times beyond 24 hours after virus

infection [55]. Higher doses of antibody with increased neutral-

ization capacity may overcome this problem as has been observed

in other reports of antibody therapy [56]. Further studies to

elucidate the protective efficacy of ovine antibodies against lethal

influenza virus doses would provide data on mortality rates.

For the first time passive immunization with ovine antibody was

examined in mice for modulation of the innate cytokine response

in the lung to respiratory virus infection. Type I IFNs and pro-

inflammatory cytokines IL-1b, TNF-a, IL-6, and CXCL1 were

shown to be rapidly induced by virus in PBS-treated control

animals, whereas in antibody-protected animals their levels were

mostly reduced. These results indicate that the protective effects

mediated by passively acquired antibody before virus exposure

influence the host’s innate cytokine responses.

Acute respiratory infections are responsible for nearly 4 million

deaths every year, mostly of children and infants in developing

countries [57]. There is a real threat that a pandemic caused by

influenza could occur at anytime with dire consequences. Current

Figure 5. Antibody responses to ovine IgG and virus in ovine
IgG protected mice. Lightly anaesthetized female BALB/c mice (n = 5)
were given 125mg IgG from split virus-immunized sheep or PBS by the
intranasal route one hour, 1 day, 3 days, 7 days before or 1 day after i.n.
challenge with 102TCID50 PR8. Endpoint antibody titres in the serum
collected at day 14 p.i. were measured by (a) MN assay for reactivity to
homologous PR8 virus and (b) ELISA for reactivity to sheep IgG. Results
are representative of two separate experiments with individual titres
and the mean 6 SEM shown. ***P#0.001 represent comparisons
between antibody-treated and PBS control groups.
doi:10.1371/journal.pone.0089674.g005
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control methods of vaccination for prevention of influenza virus

infection and antiviral drugs for treatment of influenza are not

ideal in a pandemic situation due to high manufacturing costs,

delays in production and emerging resistance to antivirals.

Therefore, adjunct options for control of influenza need to be

developed. Use of convalescent sera from people recovered from

H1N1 influenza in the 1918 pandemic was successful during a

period when antivirals and antibiotics were not available [12].

Also, convalescent plasma was used to effectively treat H5N1

infected individuals in China [58]. Since the supply of human

immune sera is scarce, particularly during a pandemic, an

alternative supply is required. We propose the generation of

anti-influenza virus polyclonal antibodies in ruminants. Such a

strategy has several benefits over challenges of vaccination with

strain-matching requiring updated formulations of virus antigens

and the protracted time of several weeks to develop full immunity

post-immunization. This approach represents a barricade control

measure for influenza that could be prepared in advance and

stockpiled for use during the intervening period between

identification of a new virus strain and availability of a vaccine

for influenza epidemics and pandemics. Here we provide proof-of-

concept for use of ruminant antibodies. Our mouse studies clearly

establish that ovine anti-PR8 antibodies can prevent and/or clear

influenza infection. Polyclonal antibody preparations are associ-

ated with lower cost, rapid production times and suitability for low

resource settings, making them ideal for use in regions likely to

experience virus outbreaks during the crisis period of an influenza

pandemic. Further development of ruminant antibodies with

broad neutralizing capacity and evaluation in challenge studies

with heterologous influenza virus strains are required to reveal

their full potential.
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