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Abstract

Bovine Parainfluenza Virus-3 (BPIV-3) is a major viral pathogen of the Bovine Respiratory Disease 

(BRD) complex, which is considered to be one of the most significant causes of economic loss in 

intensively reared cattle worldwide. Current diagnostic tests for BPIV-3 infection provide limited 

information on the health status of infected animals. Biomarker screening tools offer the potential for 

improving the diagnostic windows for infection and providing greater information on the disease or 

immune status of infected animals. By employing proteomic and metabolomic techniques this study 

has succeeded in identifying a number of markers in plasma capable of providing greater information 

on the immune status of infected animals, and a number of candidate markers for early infection 

diagnosis in vivo.

An in vivo study was conducted in which male Holstein Friesian calves were vaccinated with 

Pfizer RISPOVAL-RS+PI3 and subsequently challenged with BPIV-3. Through the use of mass 

spectrometry based metabolomic analysis and multivariate statistical analysis 12 markers were selected 

throughout vaccination stages which differed significantly between vaccinated and non-vaccinated 

study groups at their respective sampling time-point. Furthermore, metabolomic analysis of plasma 

from calves post-infection identified 33 markers capable of differentiating between vaccinated and non- 

vaccinated animals infected with BPIV-3 as early as day 2 p.i. up until day 20 p.i. ‘Shotgun’ proteomic 

analysis of plasma also revealed a number of markers capable of differentiating between vaccinated and 

non-vaccinated animals infected with BPIV3 at day 6 p.i. The markers identified have been found to 

have immuno-modulatory properties in vitro and for the majority this project highlights the first 

observation of their altered abundance in vivo as a result of immunization/infection. Furthermore, using 

the combined panel of identified markers it is also possible to determine the stage of infection in 

vaccinated or non-vaccinated animals. Further investigations aimed to select candidate protein markers 

for BPIV-3 infection from in vitro culture models which could be applied as early markers of infection 

in vivo. No secretory proteins were identified in BPIV-3 infected foetal calf lung cells, however, due to 

their accumulation within infected cells Phosphoprotein P, T-complex protein 1 and 14-3-3 protein were 

selected as potential infection markers as they would be released from infected cells into circulating bio

fluids. A targeted MRM method was developed for the quantification of protein markers in plasma. 

Peptides originating from Phosphoprotein P and T-complex protein 1 subunit theta selected from the in 

vitro BPIV-3 infection model were present in plasma of BPIV-3 challenged animals, with levels 

differing between vaccinated and non-vaccinated animals. Upon further quantitative MRM analysis 

protein markers selected using ‘shotgun’ proteomics appeared to be artefacts of the depletion and 

fractionation sample processing procedures, however, variations in the plasma levels of peptides 

originating from Apolipoprotein B100 and Inter-alpha-trypsin inhibitor heavy chain HI were found to 

differ between vaccinate and non-vaccinated study groups at days 1 and 5 post-BPIV-3 challenge 

respectively.

The current rapid diagnostic tests for BRD cannot differentiate between vaccinated/non- 

vaccinated animals once infected. The markers selected throughout this project offer the ability to
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Abstract

identify animals which have failed to respond to vaccine treatment in either the presence or absence of 

infection. The application of these markers to diagnostic testing could provide numerous benefits for 

the management of BPIV-3 infection at the herd level. This research highlights the potential of 

metabolomic and proteomic biomarker studies for improved management and diagnosis of agricultural 

diseases.
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Chapter 1

1.1 Bovine Respiratory Disease (BRD)

BRD is a significant source of economic loss to the agricultural industry worldwide and is the major 

cause of economic loss in both dairy (Panciera and Confer, 2010) and feedlot cattle (Aich et al., 2009). 

BRD may sometimes be referred to as pneumonic pasteurellosis, shipping fever, enzootic pneumonia 

or acute interstitial pneumonia (Doster, 2010; Fulton et ah, 2000; Larsen et ah, 1999; Storz et ah, 

2000). The disease is multi-factorial, in that it is caused by viral, bacterial and mycoplasma 

pathogens, and is often instigated by prior immuno-suppression from environmental stressors (such as 

transport, fasting, climate and diet) (Cusack et ah, 2003). Clinical symptoms of BRD include 

trachypnea, dysopnea, nasal and ocular discharge, fever, cough, decreased appetite, diarrhoea, 

abnormal broncho-vesicular lung sound and increased rectal temperature (Ozkanlar et ah, 2012). 

Despite preventative vaccination measures, BRD is still prevalent and the primary source of morbidity 

and mortality in feedlot cattle (Smith, 1998). Improved preventative measures coupled with more 

effective diagnosis to identify animals failing to respond to vaccination, which maintain infections 

within cattle populations, are required to effectively manage BRD and to reduce its burden on the 

agricultural industry and provide sustainable agricultural production to ensure future food security 

(Godfray et ah, 2010).

1.1.1 Factors involved in the generation of BRD

BRD is a multifactorial disease most frequently involving a viral-bacterial-mycoplasma synergistic 

infection with influence from environmental stressors. The major factors involved in the generation of 

BRD are summarised in Table 1.1. Bovine Herpesvirus-1 (BHV-1), Bovine Parainfluenza Virus-3 

(BPIV-3), Bovine Respiratory Syncytial Virus (BRSV), Bovine Coronavirus (BCV) and Bovine Viral 

Diarrhoea (BVDV) are recognized as the primary viral respiratory pathogens in BRD (Decaro et ah, 

2008a; Ellis, 2009; Ellis et ah, 1998; Lathrop et ah, 2000; Lopez, 2007; Storz et ah, 2000). The 

damage caused to the respiratory tract and suppression of innate immune response mechanisms leads 

to the establishment of more severe opportunistic bacterial and mycoplasma infections, which are 

ubiquitous in the environment (Ames et ah, 2002; Confer, 2009; Confer et ah, 1990; Dabo et ah, 2007; 

Hamdy and Trapp, 1967; Rice et ah, 2007). Mycoplasma bovis is the only mycoplasma involved in 

the generation of BRD (Giovannini et ah, 2013) and Mannheima haemolytica, Pasteurella multocida, 

Histophilus somni and Trueperellapyogenes are the major bacterial pathogens involved in BRD (Aich 

et ah, 2009; Confer, 2009; Cusack et ah, 2003; Fulton et ah, 2009; Lamm et ah, 2012; Xue et ah, 

2010). Environmental stressors such as fasting, transportation, mixing of cattle from different sources, 

introductory diet, and climate (Snowder et ah, 2006) immtmosuppress animals, enhance transmission 

and establishment of viral infections, and promote the proliferation of endogenous pathogenic bacteria 

(Panciera and Confer, 2010).
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Table 1.1 Factors involved in the generation of Bovine Respiratory Disease (BUD)

Viral pathogens

• Bovine Parainfluenza Virus-3 (BPIV-3)
• Bovine Respiratory Syncytial Virus (BRSV)
• Bovine Herpes Virus-1 (BHV-1)
• Bovine Coronavirus (BCV)
• Bovine Viral Diarrhoea Virus (BVDV)

Mycoplasma pathogens • Mycoplasma hovis

Bacterial pathogens

• Mannheima haemolytica
• Pasteurella multocida
• Trueperella pyogenes
• Histophilus somni

Environmental stressors

• Climate
• Fasting
• Transportation
• Mixing of cattle from different sources
• Diet

1.1./.1 Viral pathogens
The most commonly isolated viral pathogens in animals displaying clinical symptoms for BRD are 

BRSV, BHV-1 and BCV as illustrated in Figure 1.1; however, the lower reported levels of BPIV-3 

and BVDV may be a consequence of their less severe clinical symptoms (Vaucher et al., 2008). This 

is particularly true for BVDV, where calves born persistently infected develop normally in the absence 

of serious clinical symptoms (Goens, 2002; Peterhans et al., 2010). BPIV-3, BRSV, BHV-1, BCV and 

BVDV all cause acute respiratory disease to some degree (Baker et al., 1997; Bryson, 1985; Decaro et 

al., 2008b; Ellis, 2009; McNulty et al., 1984; Roth et al., 1981), however, fatality is usually only 

associated with certain instances of BRSV and BHV-1 infection (Panciera and Confer, 2010; Rogers 

et al., 1978) as illustrated in Figure 1.2. The damage caused by viral infection produces a respiratory 

environment that enhances the colonization and replication of several pathogenic bacteria, resulting in 

pneumonia (Confer, 2009; Confer et al., 1990; Dabo et al., 2007; Rice et al., 2007). This is done by 

alteration in mucosal surfaces such that adhesion of bacteria to viral infected cells is enhanced, 

particularly in areas with significant viral induced damage to mucociliary escalator (Czuprynski, 2009; 

Rivera-Rivas et al„ 2009; Srikumaran et al., 2007). Furthermore, the accumulation of dead tissue as a 

result of reduced mucociliary clearage provides a source of nutrition for endogenous bacteria 

enhancing their proliferation. Viral infection also modifies innate and adaptive immune responses to 

viral infection by altering alveolar macrophage function, suppressing lymphocyte proliferation and 

inducing apoptosis, and modifying cytokine and other inflammatory mediator release (Srikumaran et 

al., 2007). BPIV-3, BRSV, BHV-1 and BCV infections all lead to the destruction of ciliated
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respiratory epithelium (Bryson, 1985; Wilson et al., 2005), and BPIV-3, BRSV and BHV-1 result in 

depression of local cellular immunity by alveolar macrophage depression (Baker et al., 1997; Kapil 

and Basaraba, 1997; Park et al., 2007). However, BVDV infection results in hyperplasia of germinal 

centres of lymphoid organs, followed by lymphoid depletion and impairs humoral antibody production 

and morphonuclear leukocytes, and depresses monocyte chemotaxis (Roth et al., 1981). The direct 

effect of BVDV on the lungs is evidenced by acute catarrhal inflammation in the nasal cavity and 

trachea, and focal intralobular interstitial pneumonia (Baule et al., 2001).
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Figure 1.1: The percentatge of viral pathogens detected in clinical samples of animals 
displaying symptoms of respiratory diseasese, recieved by the Department of Agriculture, 
Food and the Marine (DAFM) during 2011. (AFBI/DAFM, 2012).

Figure 1.2: The percentage of detected primary pathogens in post-mortem cases which 
were associated with fatal respiratory disease. Identification of the primary pathogens was 
performed by the Agriculture Food and Biosciences Institute (AFBI) and DAFM veterinary 
laboratories during 2011 (n=491), (AFBI/DAFM, 2012).
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1.1.1.2 Bacterial and mycoplasma pathogens

Mannheima haemolytica, Pasteurella multocida, Histophilus somni and Trueperella pyogenes are the 

most common bacterial pathogens involved in the bacterial infections of BRD and subsequent 

generation of bacterial pneumonia (Aich et al., 2009; Confer, 2009; Cusack et al., 2003; Fulton et ah, 

2009; Lamm et ah, 2012; Xue et ah, 2010). Furthermore, the mycoplasma Mycoplasma bovis has 

been demonstrated to result in damage to the respiratory tract resulting in chronic bronchopneumonia 

(Giovannini et ah, 2013). M. haemolytica and P. multocida are the two most prevalent bacterial 

pathogens involved in BRD (Confer, 2009; Fulton et ah, 2009) with high incidence in deaths arising 

from BRD in Northern Ireland and the Republic of Ireland as illustrated in Figure 1.2 (AFBI/DAFM, 

2012). These figures are based on submissions from sick animals and hence do not illustrate complete 

bacterial and mycoplasma incidence within the Northern Ireland herd but do provide a realistic 

estimate of bacterial and mycoplasma pathogens involvement in BRD mortality. Bacterial pneumonia 

usually occurs within the first 6 to 10 days after the initial stress event, however, interstitial pneumonia 

can occur after 70 or more days (Hjerpe, 1983). Death in bacterial infected animals may occur days to 

weeks after disease onset (Taylor et ah, 2010). Colonization of the upper respiratory tract by bacterial 

pathogens is possible due to damage sustained to the ciliated respiratory epithelium from viral 

infection (Cusack et ah, 2003; Xue et ah, 2010). Bacterial colonization of the respiratory tract as a 

result of virus specific tissue damage results in increased deterioration of the respiratory tract and 

immune response through a number of mechanisms. Lipopolysaccharide endotoxin produced from 

Gram-negative cell walls results in initiation of complement and coagulation cascades (Corbeil and 

Gogolewski, 1985), leading to an accumulation of inflammatory cells, oedema and fibrin deposition in 

the lung, due to increased vascular permeability and coagulation (Corbeil and Gogolewski, 1985; 

Cusack et ah, 2003). M. haemolytica produces a ruminant specific leukotoxin, which impairs 

phagocytes and kills macrophages (Corbeil and Gogolewski, 1985). M. haemolytica and P. multocida 

effect neutrophil defence, and attract phagocytes into infected regions of the lungs where they are 

destroyed with toxins (Cusack et ah, 2003). H. somnus also releases a lipopolysaccharide which 

causes similar lesions, as well as vasculitis and necrosis (Corbeil and Gogolewski, 1985) and secretes 

exotoxins which damage endothelial cells (Thompson and Little, 1981), alveolar macrophages and 

neutrophils (Corbeil and Gogolewski, 1985). Upon death phagocytes release their active oxygen 

metabolite contents, resulting in increased degradation and pulmonary inflammation (Cusack et ah, 

2003).

1.1.1.3 Environmental stress

Table 1.1 illustrates the major environmental stresses associated with the development of BRD. 

During transportation, periods of fasting accompanied by reduced water intake and crowding reduce 

energy availability and increase stress (Cole et ah, 1986; Phillips et ah, 1985), with further airway
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irritation from inhalation of exhaust fumes (Cusack et al., 2003). The effect of these factors is more 

pronounced vvitli transport times greater than 24 hours (Johnson, 1985). The hierarchical position of 

cattle within feedlot herds affects nutrient uptake and hence energy availability, due to competition for 

resources, with calves purchased from saleyards showing reduced growth performance upon 

introduction (Brakel and Leis, 1976; Fell et ah, 1998). Furthermore, the mixing of cattle from 

different sources and the introduction of new cattle to an established hierarchy within feedlot herds has 

been shown to increase BRD morbidity and mortality (Martin et ah, 1982). Low blood glucose levels 

as a result of inappropriate diet formulation also increases the chance of developing BRD in claves 

introduced to feedlots (Cope, 1978). Furthermore, reduced respiratory capacity as a result of genetic 

selection (domesticated cattle have smaller lung size relative to metabolic demands) can contribute to 

decreased resistance to infectious agents, particularly during exertion (Scott, 1994). Finally, climate 

has also been demonstrated to have a significant impact on BRD incidence, particularly pertaining to 

temperature fluctuation, wind chill and wind speed (Cernicchiaro et ah, 2012). Metabolic demands on 

modem dairy animals puts a huge demand on animal for nutrition and function of organs including 

immune systems. Thorough management of animal feeding practices is therefore required to prevent 

the development of BRD which may reduce the productive capabilities of infected animals (van der 

Fels-Klerx et ah, 2002a; van der Fels-Klerx et ah, 2002b).

1.1.2 BRD economic costs

The disease constitutes a major source of economic loss through mortality, clinical disease and the 

associated treatments and the long lasting reduced growth performance of pneumonia in young stock 

(Scott, 1994; Thompson et ah, 2006). The cost of BRD in the UK and Denmark annually is estimated 

at £80million and USD$75million respectively (Barrett, 2000b). In the USA bovine respiratory 

diseases costs $1 billion annually, with preventative measures contributing a further $3 billion 

(Griffin, 1997; Smith, 2000) and economic loss (excluding mortality) in Europe is estimated at 

€576million annually (Barrett, 2000a, b). Recent figures for the cost of treatment in the USA have 

been estimated at $23.60 per animal, approximately double the estimated cost in 1999 (USDA, 2011). 

However, the greatest losses are accrued from reduced performance of infected animals, with reduced 

average daily weight gains in feedlot cattle which required treatment for BRD of 0.37 kg during the 

early accumulation period (receiver diet of 4 to 6 weeks) and an average reduction of 0.07 kg daily 

over a period of 10 weeks (Schneider et ah, 2009). Final weights at slaughter were also 11kg lower 

for animals which received treatments for BRD and with an average carcass value of £3.90/kg for 

steers (EBLEX, 2013) equates to a loss of £42.90 per infected animal without factoring preventative 

and therapeutic treatments. Furthermore, a 2% reduction in first lactation milk production as a result 

of BRD has been demonstrated in dairy calves (van der Fels-Klerx et ah, 2002a; van der Fels-Klerx et 

ah, 2002b). For dairy producers the economic impact of BRD is associated with mortality and the
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costs of prevention, treatment and replacement heifers, whereas the feedlot industry suffers further 

impacts due to the severe reductions in growth performance.

1.1.3 BUD incidence
Table 1.2 illustrates the most recent figures of BRD disease incidence in Northern Ireland and the 

Republic of Ireland (AFBI/DAFM, 2012). On inspection BRD was responsible for 17.8% of cattle 

death; however this value varied from 9 - 4 1 % depending on age and location of the animals, with the 

greatest percentage of deaths for weanling calves (41% and 26% in Northern Ireland and the Republic 

of Ireland respectively). For neo-natal calves the disease was the 3rd highest cause of death in post- 

mortemed calves and for remaining age groups was the leading single identifiable cause of death. 

Comparable findings have been reported in the USA dairy industry, where respiratory disease 

accounted for 22.5% of the un-weaned heifer mortality and 46.5% of weaned heifer mortality (USDA, 

2007). It has also been demonstrated that 16.2% of feed-lot cattle displayed signs of BRD at some 

point during the feeding cycle (USDA, 2011). In a study comprising 469 animals it was found that 

35% of cattle treated for BRD had lesions at slaughter but surprisingly 68% of un-treated animals had 

lesions indicating the high incidence of subclinical infections which are an extensive source of 

economic loss (Wittum et al., 1996).

Table 1.2 The incidence of respiratory disease in Northern Ireland and the Republic of Ireland 
during 2011. Figures are taken from the All-Island Animal Disease Surveillance Report 2012 
(AFBI/DAFM, 2012). a highest disease specific disease detected.

Age
(months) No.

PMs

Northern Ireland
% Disease 

diagnosed Rank

Republic of Ireland 
No. % Disease 
PMs diagnosed Rank

Neo-natal
calves < 1 714 11 •̂ rd 1127 9 3 rd

Calves 1-5 488 34 1st 514 22 1“
Weanlings 3-12 159 41 1st 535 26 Is'
Adults >12 595 14 |  s t  a 543 16 j s t  a
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1.2 BRD diagnostic tests

Most of the pathogens involved in BRD are incapable of producing clinical disease on their own 

(Martin et al., 1982; Thomas et al., 1982) and are ubiquitous within cattle populations (Ames et ah, 

2002; Hamdy and Trapp, 1967), making determination of the role of infectious agents in disease 

outbreaks, through diagnostic testing problematic. The most commonly employed laboratory 

diagnostic tests for BRD pathogens and their associated advantages and disadvantages regarding 

diagnosis are illustrated in Table 1.3.

1.2.1 Laboratory diagnosis

The multifactorial nature of BRD poses a significant challenge to disease surveillance and 

management at the herd level. Rapid and sensitive anti-mortem detection of viral infection in live 

animals is required to reduce the costs associated with BRD. However, anti-mortem diagnosis can 

only discern exposure to viral pathogens and only post-mortem diagnosis of viral pathogens in 

diseased tissue/lesions will be able to determine which pathogens caused disease in an animal.

1.2.1.1 Anti-moriem diagnosis

Anti-mortem diagnosis focuses on determination of markers of exposure to the pathogens involved in 

BRD. This encompasses both the immune responses to pathogens as well as direct detection of 

pathogens in clinical samples. Anti-mortem diagnosis may be performed using serum samples, nasal 

swabs, bronchoalveolar lavage (BAL) or tissue homogenate (ear notch for BVDV (Presi and Heim, 

2010)) (Iglseder et al., 2011). These limitations are further complicated due to the use of Modified 

Live Virus (MLV) vaccines as a preventative measure, except for BHV-1 (for which a marker vaccine 

is available (Ampe et al., 2012; Kuijk, 2004; Schynts et al., 1999; Zhao and Xi, 2011)), preventing 

differentiation of wild-type vaccine antigen or antibodies from those of the vaccine. Combined these 

factors are a major hindrance to BRD management

8



Chapter 1

Table 1.3: Comparison of uses of diagnostic tests along with their strengths and weaknesses.
PCR, Polymerase Chain Reaction, MLV, Modified Live Virus (adapted (Fulton and Confer, 2012)).

Test Use Advantages Disadvantages

»logy
Antibody 
detection (anti- 
& post
mortem)

Detect vaccine responses and past 
infections

Titres do not necessarily infer 
resistance and are not able to 
differentiate vaccine induced 
antibodies from infection acquired 
antibodies. Also usually by the stage 
of antibody development the active 
infection has left the animal

us Isolation -  nasal, 
ipharynx, trachea,

Detect bacteria 
and viruses 
(anti- & post
mortem)

Demonstrate the presence of 
colonization or active infection

Positive culture does not necessarily 
mean lung infection or causative 
disease. Times for results to be 
obtained are days to weeks

us Isolation -  lung 
)n

Detects bacteria 
and viruses 
(post-mortem)

Require active replication of the 
agent in the tissue at the time of 
death, so isolation usually 
indicates that high concentrations 
are in tissue. Antimicrobial 
resistance can be determined

Sensitivity is not great and may miss 
true positives due to concurrent 
infections and antimicrobial therapy. 
Times for results to be obtained are 
days to weeks

nunohistochemistry
ng lesion

Detects antigen 
in lung lesion 
(post-mortem)

One can localize the infections 
agent within the lesion. Strong 
evidence that infectious agent is 
related to disease

Sensitivity and specificity depend on 
available monospecific immune serum 
or monoclonal antibodies to specific 
infectious agent

itu hybridization -
lesion

Detects region 
of genome of 
agent in lesion 
(post-mortem)

One can localize the infections 
agent within the lesion. Strong 
evidence that infectious agent is 
related to disease. Monospecific 
antiserum or monoclonal 
antibodies are not needed

Depends on known, pathogen-specific 
genomic region for development of 
specific oligonucleotide primers

;le PCR-nasal, 
ipharynx, trachea, 

swabs or collection

Detects material 
of agent in 
sample (anti- & 
post-mortem)

Provides specific evidence that 
infectious agent is in or recently 
has been in a sample

Cannot differentiate subclinical or 
incidental concurrent infection from 
natural exposure or vaccination. Does 
not always detect infectious material. 
Cannot determine antimicrobial 
resistance

•le PCR-lung 
>n from supernatant 
e or homogenate

Detects region 
of agent genome 
(post-mortem)

Potential evidence of specific 
infections agent is associated with 
disease

May not represent causative infectious 
agent within diseased tissue or 
differentiate natural infection versus 
MLV

tiplex PCR -  nasal, 
pharynx, tracheal,
-, swab or collection

Detects region 
of several 
agents’ genomes 
(anti- & post
mortem)

With a single test potential 
evidence of one or more infections 
agent associated with disease can 
be determined. Test provides 
more information than single PCR

May not represent causative agents 
within diseased tissue or differentiate 
natural infection versus MLV vaccine

tiplex PCR -  lung 
m from supernatant 
ssue homogenate

Detects region 
of several 
agents’ genomes 
(post-mortem)

With a single test potential 
evidence of one or more infections 
agent associated with disease can 
be determined. Test provides 
more information than single PCR

May not represent causative agents 
within diseased tissue or differentiate 
natural infection versus MLV vaccine, 
also the diagnostic window can be 
quite short with viruses and requires 
current infection and virus being 
present in the sample collected
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Table 1.3: Comparison of uses of diagnostic tests along with their strengths and weaknesses.
PCR, Polymerase Chain Reaction, MLV, Modified Live Virus (adapted (Fulton and Confer, 2012)).

Test Use Advantages Disadvantages

Serology
Antibody 
detection (anti- 
& post
mortem)

Detect vaccine responses and past 
infections

Titres do not necessarily infer 
resistance and are not able to 
differentiate vaccine induced 
antibodies from infection acquired 
antibodies. Also usually by the stage 
of antibody development the active 
infection has left the animal

Virus Isolation -  nasal, 
nasopharynx, trachea,
bal

Detect bacteria 
and viruses 
(anti- & post
mortem)

Demonstrate the presence of 
colonization or active infection

Positive culture does not necessarily 
mean lung infection or causative 
disease. Times for results to be 
obtained are days to weeks

Virus Isolation -  lung 
lesion

Detects bacteria 
and viruses 
(post-mortem)

Require active replication of the 
agent in the tissue at the time of 
death, so isolation usually 
indicates that high concentrations 
are in tissue. Antimicrobial 
resistance can be determined

Sensitivity is not great and may miss 
true positives due to concurrent 
infections and antimicrobial therapy. 
Times for results to be obtained are 
days to weeks

Imnuinohistochcmistry
-  lung lesion

Detects antigen 
in lung lesion 
(post-mortem)

One can localize the infections 
agent within the lesion. Strong 
evidence that infectious agent is 
related to disease

Sensitivity and specificity depend on 
available monospecific immune serum 
or monoclonal antibodies to specific 
infectious agent

In-situ hybridization -
lung lesion

Detects region 
of genome of 
agent in lesion 
(post-mortem)

One can localize the infections 
agent within the lesion. Strong 
evidence that infectious agent is 
related to disease. Monospecific 
antiserum or monoclonal 
antibodies are not needed

Depends on known, pathogen-specific 
genomic region for development of 
specific oligonucleotide primers

Single PCR-nasal, 
nasopharynx, trachea, 
BAL swabs or collection

Detects material 
of agent in 
sample (anti- & 
post-mortem)

Provides specific evidence that 
infectious agent is in or recently 
has been in a sample

Cannot differentiate subclinical or 
incidental concurrent infection from 
natural exposure or vaccination. Does 
not always detect infectious material. 
Cannot determine antimicrobial 
resistance

Single PCR -  lung 
lesion from supernatant 
tissue or homogenate

Detects region 
of agent genome 
(post-mortem)

Potential evidence of specific 
infections agent is associated with 
disease

May not represent causative infectious 
agent within diseased tissue or 
differentiate natural infection versus 
MLV

Multiplex PCR -  nasal, 
nasopharynx, tracheal, 
BAL swab or collection

Detects region 
of several 
agents’ genomes 
(anti- & post
mortem)

With a single test potential 
evidence of one or more infections 
agent associated with disease can 
be determined. Test provides 
more information than single PCR

May not represent causative agents 
within diseased tissue or differentiate 
natural infection versus MLV vaccine

Multiplex PCR -  lung 
lesion from supernatant 
or tissue homogenate

Detects region 
of several 
agents’ genomes 
(post-mortem)

With a single test potential 
evidence of one or more infections 
agent associated with disease can 
be determined. Test provides 
more information than single PCR

May not represent causative agents 
within diseased tissue or differentiate 
natural infection versus MLV vaccine, 
also the diagnostic window can be 
quite short with viruses and requires 
current infection and virus being 
present in the sample collected
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1.2.1.1.1 Serology

The most commonly employed anti-mortem diagnostic tests for respiratory viral infections associated 

with BRD are serology based, where vims specific antibody levels are assessed by either Virus 

Neutralization Tests (VNT) or Enzyme-Linked Immunosorbent Assay (ELISA). VNT tests assess the 

levels of neutralizing antibodies present in serum samples (Ghram and Minocha, 1990; Howard et al., 

1987), whereas antibody-ELISA can be employed to detect circulating antigen specific antibodies. 

Antigen capture-ELlSA is also employed to detect BRSV or BVDV viral antigens (Rossmanith et ah, 

2001; Sandvik, 2005; West et ah, 1998).

A number of issues associated with serology assays limit their application for BRD diagnosis. 

In order to determine the presence of an active infection paired samples taken 10-14 days apart are 

required to allow for sero-conversion to be determined through rising antibody titres (Ellis, 2010); 

however, during this period a more severe bacterial infection may have established as a result of viral 

induced damage to the respiratory tract (Hjerpe, 1983). VNT tests provide an indication of antibody 

efficacy against the viral pathogens, whereas antibody-ELISA only indicates that the antibodies 

produced in the animal bind to the virus, but not whether they can interfere with infection (Fulton and 

Confer, 2012). Circulating antibody levels only demonstrate exposure to a pathogen and are not an 

indicator of an underlying disease (i.e. lesions). Furthermore, the endemnicity ot viral inlections and 

the persistence of maternal antibodies means that some animals will possess antibodies without recent 

exposure (Ellis, 2010). Serology based screening of viral pathogens is therefore only applicable for 

assessing herd level exposure (Fulton and Confer, 2012) and allowing general heard health 

management options to be considered such as the use of vaccination to prevent future outbreaks. The 

wide use of modified live virus (MLV) vaccines prevents the differentiation of many vaccine mediated 

antibody responses from natural wild type infections (Raue et al., 2011) limiting their usefulness in 

diagnosing BRD infections in a farm setting.

1.2.1.1.3 Polymerase Chain Reaction (PCR)

PCR is the most sensitive anti-mortem diagnostic test for the detection of BRD pathogens. Laboratory 

diagnosis has progressed from qualitative gel based PCR to quantitative real-time PCR and multiplex 

real-time PCR. However, multiplex qPCR methods have also been employed but are so far limited to 

3 viruses (BPIV-3, BRSV and BHV-1) (Horwood and Mahony, 2011; Thonur et al., 2012). PCR 

assays can be modified for the detection of particular viral strains (if the genome sequences are 

available) (Vaucher et al., 2008). Identification of viral shedding has been demonstrated as early as 

day 2 post-infection (p.i.) by West et al., in an experimental study of BRSV infection (West et al., 

1998). However, the study demonstrates that only 66% of calves could be identified as infected as 

early as day 2 p.i. Issues relating to sample stability, collection and viral shedding rates may have 

influenced the ability for sensitive detection at the early stages of viral infection using PCR based
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diagnostic tests. Furthermore, in field settings, with lower initial exposure rates to viral pathogens and 

short periods of virus secretion with some viruses, sensitive detection of virus shedding prior to 

damage to the respiratory tissue is a major limitation to PCR based diagnostic tests.

Multiplex qPCR allows for the quantification of the presence of multiple viral pathogens in a 

single sample but requires more specialist tests that have been optimized for detection of the 

pathogens in mind, requiring prior knowledge of their genetic sequences. The determination of 

pathogen presence may not correlate with clinical symptoms, particularly due to the endogenous 

nature of the BRD pathogens, and is a concern for identification of disease causing pathogens with 

PCR analysis (Angen et al., 2009). Finally, PCR based assays are useful in detecting the presence of 

viral genetic material but cannot distinguish whether the agent was infectious or if detection is of 

residual viral nucleic acids or non-infectious particles (Fulton and Confer, 2012). Like serology based 

testing MLV vaccines complicate diagnosis and the detection of viral genetic material only 

demonstrates exposure, not the presence of disease or pathologies such as tissue damage.

1.2.1.1.4 Virus ¡solution

Anti-mortem diagnosis employing virus isolation (VI) is routinely employed in diagnostic laboratories 

for the amplification and identification of BRD viral pathogens. VI employs cell cultures (for BPIV-3, 

bovine turbinate and bovine kidney cells have been employed for diagnostic purposes (Ellis, 2010)) 

for the propagation of live infectious virus present in diagnostic samples (i.e. nasal swabs, BAL or 

tissue homogenate) (Fulton and Confer, 2012). Evidence of cytopathic effects (intracytoplasmic 

inclusion bodies and syncytium formation for BPIV-3 (Minnich and Ray, 1987)) may be observed 

using light microscopy. Flowever, evidence of cytopathic effects may not be possible for all viruses, 

such as noncytopathic BVDV, and therefore other detection methods such as fluorescent antibody 

(FA) detection (McFerran and McNulty, 1981; Njaa et al., 2000; Silim and Elazhary, 1983) or PCR 

(Domingues et al., 2011; Kleiboeker et al., 2003; Vilcek et al., 1994) are preferable. In these cases 

virus isolation serves as an amplification step to generate sufficient material for accurate reporting of 

the present viral infections. The combination of PCR and FA based testing with VI increases test 

sensitivity but results can take up to 2 weeks to obtain, as two 7 day incubations can be required for 

validation of negative results to ensure that low levels of virus would be detected in the original 

sample. Furthermore, as with all other anti-mortem diagnostic tests diagnosis of pathogens, using VI 

does not demonstrate the presence of disease.

1.2.1.2 Post-mortem diagnosis

Post-mortem diagnosis focuses on detection of pathogens in tissue samples and provides an indicator 

of what pathogens have resulted in mortality. However, post-mortem identification of the initial
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causative agent (often viral) is limited due to clearance from the site of infection by the time an animal 

dies, with only non-viral pathogens remaining (Fulton and Confer, 2012). This is illustrated in the 

presence of only BRSV and BHV-1 (which on their own can cause death (Panciera and Confer, 2010; 

Rogers et al., 1978)) in the tissue of dead animals post-mortem as illustrated in Figure 1.1, but the 

presence of all viral pathogens in nasal swabs of animals presenting clinical symptoms in Figure 1.2 

(AFBI/DAFM, 2012). Furthermore, the use of anti-bacterials in attempts to treat and manage bacterial 

infections, can result in the absence of these pathogens upon post-mortem examination (Fulton and 

Confer, 2012).

1.2.1.2.1 Immunohistochemistry

Immunohistochemisty (IHC) is often used on paraffin embedded tissue, however it is also applicable 

for clinical samples (nasal swabs and BAL amplified in culture) (Fulton et al., 2009). For analysis of 

tissue, samples are deparaffinised, hydrolysed, digested with proteinase and incubated with an antigen 

specific monoclonal antibodies or polyclonal antisera. Clinical samples amplified in culture are fixed 

in methanol or acetone and reacted with antigen-specific antibody. Labelled primary antibodies, either 

with an enzyme such as horseradish peroxidase or a fluorophore, can be used for direct detection. 

Alternatively in the absence of labelled primary antibody a labelled secondary antibody can be 

employed (Fulton et al., 2009). Finally, FA based testing using 1HC has limited application for 

banking of samples as they cannot be stored or archived due to the decay of the fluorescent dyes. 

Alternatively, enzyme conjugated antibodies whilst lacking some of the sensitivity of FA can be 

employed for archiving samples as the colour development substrates are more stable over time. IHC 

is extremely useful for the direct detection of pathogens within diseased tissue/lesions. However, the 

initial causative agent (particularly viruses) may not be present at the time of death and diagnosis of 

bacterial pathogens in limited by the use of antibacterial therapeutic treatments. Furthermore, there 

may be numerous infectious agents present within tissue, making diagnosis of the main causative 

agent problematic. Finally, the sensitivity and specificity of the test depends on available monospecific 

immune serum or monoclonal antibodies to the specific infectious agent (Fulton and Confer, 2012).

1.2.1.2.2 PCR

Post-mortem diagnosis using PCR, IHC and ISH offers the ability to identify disease causing 

pathogens in diseased tissue. Flowever, PCR cannot usually be performed on fixed diseased tissue 

samples and must be performed on homogenized samples but offers more rapid diagnosis and 

improved sensitivity compared to IHC and ISH. Post-mortem PCR cannot provide definitive evidence 

of disease causative pathogens within diseased tissue and only provides an indication of the prevalence 

levels of a particular pathogen within the tissue sample but not whether it was infective. As with anti-
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mortem testing the use of MLV vaccines can result in the generation of false positives for disease 

causing pathogen diagnosis.

1.2.1.2.3 In-situ hybridization

In situ-hybridization (ISH) in contrast to PCR observes the direct binding of complimentary nucleic 

acid probes to the genetic material of an infectious agent within tissue (Harland, 1991). The 

complimentary nucleic acid probe is labelled with a fluorophore or enzyme (such as HRP), and offers 

the potential for greater sensitivity of the infectious agents within the tissue (Viuff et al., 2002). Like 

ICH, ISH can be employed to determine the presence of disease causing agents within tissue but 

suffers from its limitations in regards to the identification of the initial causative agent. Unlike ICH, 

monospecific antiserum or monoclonal antibodies are not required; however, the test relies on prior 

knowledge of the targets genomic sequence and can result in issues in specificity for different disease 

isolates.

1.2.2 Emerging diagnostic approaches

In order to combat a number of limitations associated with BRD, research has been conducted 

primarily to differentiate vaccinated from infected animals and to improve the rapidity and quality of 

diagnostic information by applying on site diagnostic testing or multiplex analysis platforms.

1.2.2.1 DIVA (differentiating infected from vaccinated animals) vaccinations

In order to address issues of differentiating between immune responses to vaccination wild type 

infected animals, DIVA vaccines, sometimes referred to as marker vaccines, have been employed 

(Beer et al., 2007; Capua et al., 2003; Uttenthal et al., 2010). For the viral pathogens of BRD the only 

virus for which a commercial DIVA vaccine is currently available is BHV-1 (Ampe et al., 2012; 

Kuijk, 2004; Schynts et al., 1999; Zhao and Xi, 2011). The principle of DIVA vaccination is the 

production of an antibody response (towards a modified version of a virus) which differs to that 

produced when exposed to the wild-type virus (VanOirschot et al., 1997). In practice this involves 

modification of wild-type viruses with deletion of a particular epitope (gE protein in the case of BH V- 

1 (Schynts et al„ 1999)), which is detected only in wild type virus infections using a companion test. 

More recently ‘genetic’ DIVA vaccines have been introduced, which identify genetic differences 

between the wild-type virus and the vaccine, allowing differentiation of infection in vaccinated 

animals compared to non-vaccinated using PCR based diagnostic tests (Blome et al., 2011; Kortekaas 

et al., 2010; Liu et al., 2009). In relation to the remaining primary viruses of BRD only BVDV has 

received interest in the development of a DIVA vaccine. Luo et al., have demonstrated the potential 

for a modified BVDV vaccine (containing glycoprotein Ems of the heterologous pronghorn antelope
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pestivirus) which resulted in the production of neutralizing antibody titres similar to wild type virus 

(Luo et al., 2012). However, the efficacy of the vaccine has yet to be assessed to determine its 

application for BRD management. DIVA vaccines have been shown to induce reduced efficacy 

compared to traditional attenuated vaccines (van Oirschot, 2003) and whilst the DIVA principle is 

important for BRD management, differentiation of infection in vaccinated animals is more useful in 

the context of disease management as it would allow for the evaluation of animals which have failed 

to respond to vaccination and which may remain susceptible to natural infections and therefore reduce 

herd level immunity. Furthermore, DIVA companion tests require seroconverion for the generation of 

antibodies capable of differentiating infected from vaccinated. The period required for seroconversion 

is typically 10-14 days, by which time the natural virus may have readily spread within the herd to 

infect other animals. Therefore it is still difficult to get real time diagnostics that allow live herd 

management decisions to be made.

1.2.2.2 l\on-invasive diagnosis

Ultrasonography (Abutarbush et al., 2012) and thermal imaging (Schaefer el al., 2012) have been 

investigated as non-invasive methods for identifying animals suffering from BRD. Ultrasonography is 

the visualization of deep structures within the body cavity by analysing the echoes and reflections 

produced from pulses of ultrasonic waves directed into tissue. This method was capable of detecting 

lung lesions, however, lacked sensitivity as 49% of animals classified as having lung lesions were 

misclassified in subsequent ultrasound sessions (Abutarbush et al., 2012). Previous investigations 

have highlighted that although this technique is less invasive, diagnostic sensitivity is limited to 

lesions in peripheral tissue and not those located deeper with the lungs (Flock, 2004). Alternative 

thermal imaging using infrared thermography indicated that animals classified as BRD positive had 

higher infrared thermal values than BRD negative animals. The system was developed around an 

animal’s waters station and hence provides a good example of non-invasive testing, however, the cost 

of equipment must be taken into consideration when opting for non-invasive testing compared to 

etiological specific on-site detection methods. Furthermore, the ‘gold standards’ (core temperature > 

40°C, white blood cell count less than 7 or greater than 11 x 1000/pl, clinical score > 3, 

neutrophil/lymphocyte ratio <0,1 or > 0.8) which BRD positive animals were measured against 

(Humblet et al., 2004; Schaefer et al., 2007) are not indicative of disease but a risk factor for further 

investigation to the underlying etiological agent, and a true value of disease sensitivity has not been 

reported. Whilst non-invasive diagnostic testing is a promising area of research for BRD 

management, the risk of false positives and negatives must be assessed against alternative testing 

methods with greater sensitivity and specificity.
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1.2.2.3 Rapid and multiplex diagnosis

Lateral flow immunochromatographic based detection methods have been investigated for BRSV 

diagnosis using nasal swabs. Tru-RSV, a human RSV based test, demonstrated 100% specificity but 

only 33% sensitivity with an approximate limit of detection of 156 TCID50, which was higher than 

antigen ELISA (Socha and Rola, 2012). Multiplex serology assays have also been developed 

employing ELISA and Luminex diagnostic platforms (Anderson et ah, 2011; Mayers and Sawyer, 

2012). These tests detect circulating antibodies produced in response to exposure to the 4 main viral 

pathogens (BPIV-3, BRSV, BVDV and BHV-1). Results from multiplex ELISA are promising, with 

greater sensitivity and specificity compared to Luminex. However, sensitivity and specificity are 

lower than those observed for multiplex qPCR but may be preferable for routine diagnosis due to the 

reduced need for skilled operators (Anderson et al„ 2011; Mayers and Sawyer, 2012).

1.3 Biomarker screening

The National Cancer Institute (NCI) defines a biomarker as ‘a biological molecule found in blood, 

other bodily fluids, or tissues that is a sign of a normal or abnormal processes, or of a condition or 

disease’ (NCI). In contrast to the current diagnostic tests for BRD pathogens which focus on 

conventional immunological responses to infection (i.e. antibody responses during sero-conversion), 

biomarker screening methods aim to identify alternative markers which provide greater information on 

the health status of an animal and/or an improved diagnostic window (i.e. earlier diagnosis of 

infection).

Prior to the genomic era acute phase proteins had been identified as alternative disease 

markers (Agostoni et al., 1970; Cooper and Ward, 1979; Siegel et al., 1974) before the term biomarker 

had been used in relation to disease diagnosis (Webb and Lin, 1980). In human disease diagnostics 

acute phase proteins are readily employed for diagnostic monitoring (Gabay and Kushner, 1999; 

Korntoczi et al., 2006; Libby et al., 2002; Liuzzo et al., 1994; Ridker et al., 2003), however, they have 

not been readily employed for BRD diagnosis. The role of APPs in response to infection and disease 

in animals are widely reviewed (Ceciliani et al., 2012; Eckersall, 2000, 2001; Eckersall and Bell, 

2010; Eckersall and Conner, 1988; Petersen et al., 2004) and APPs can be used for diagnosis and 

health screening as they are highly sensitive markers of inflammation (Eckersall and Bell, 2010).

In the post-genomic era the rapid growth in ‘omic’ technologies has led to a greater 

understanding of physiological processes within the body. Figure 1.3 illustrates how changes within a 

cell as a result of external perturbations can produce changes at the genotypic level which filter down 

to the phenotypic level. The use of ‘omic’ technologies allows researchers to understand how a 

particular perturbation in a biological system effects up-stream and downstream biological processes. 

Proteins and metabolites released into the circulating bio-fluids can be assessed as indicators of the 

external perturbations for diagnostic purposes. Proteomic and metabolomics biomarker screening
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technologies offer the ability to assess potential diagnostic markers of infection/disease and the 

application of proteomics to human medicine has resulted in promising prospects for improved 

diagnostic and monitoring tools for a number of diseases, such pancreatic and prostate cancer 

(Grossklaus et al., 2002; Sasaki et ah, 2002; Whitehouse and Solomon, 2003; Zhang et ah, 2004). 

Furthermore, metabolomic analysis of biological samples has been shown to provide characteristic 

“fingerprints” of disease status (Beckstrom et ah, 2011; Suomalainen, 2011; Wuolikainen et ah, 2011) 

and to offer interesting new insights to the understanding of the physiological processes involved in 

disease development and diagnosis (Graham et ah, 2013; Xiao et ah, 2012; Yang et ah, 2006; Zhang et 

ah, 2013). Metabolites in particular are often end stage products of biological processes and hence 

reflect the most closely observed phenotype in comparison to proteomic and transcriptomic findings 

(Dietmair et ah, 2010; Dunn et ah, 2008). As metabolites are highly connected, changes in gene 

expression and protein levels are highly amplified at the metabolome level (Nielsen and Oliver, 2005). 

The assessment of proteins and metabolites released from cells as a result of disease or infection 

allows researchers the ability to identify alterative diagnostic markers of infection which may provide 

greater information on the health status of infected individuals, or provide a wider window for 

diagnosis. However, the application of proteomic and metabolomics biomarkers to bovine research 

significantly lags behind human research as illustrated in the number of publications returned from 

Web of Knowledge searches as illustrated in Figure 1.4. In particular there are only a limited number 

of bovine metabolomics publications, with only 21 in 2012 compared to 484 for human studies.

Table 1.4 illustrates the advantages of the current anti-mortem diagnostic tests for BRD viral 

pathogens compared to new emerging disease diagnostic approaches. Routine diagnostic tests despite 

being relatively low cost and not requiring skilled operators (serology), cannot accurately identify 

infected animals within a time frame for successful preventative treatment to stop the progression of 

bacterial/mycoplasma infections. There is a major move in agriculture towards precision fanning and 

therefore the ability to improve the understanding of animal diseases will help in designing more 

specific and individual animal treatments. Furthermore, vaccination based preventative measures limit 

the specificity of these diagnostic tests (particularly serological based assays) in detecting infected 

animals within herds of vaccinated animals. Emerging DIVA vaccines and less invasive testing 

methods aim to address some of these issues, but on comparison the use of biomarker based screening 

methods (acute phase proteins, proteomics and metabolomics) appears to be the future of diagnostic 

testing approaches by identifying alternative markers for more rapid diagnosis and providing greater 

information on the health status of infected animals.
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Figure 1.3: Overview of ‘omic’ approaches. For diagnostic biomarker screening the 
transport of proteins and metabolites into the circulatory system provides a diagnostic marker of 
external perturbations. The figure illustrates how alterations at any stage in the progression of 
genomics to metabolomics can affect other processes between the genotypic and phenotypic 
levels.
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Figure 1.4: Web of Knowledge search results for the applications of proteomics and 
metabolomics in Humans and Bovines. Search terms where: Human AND Proteomic*; Human 
AND Metabolomic*; ‘Bovine OR Cow’ AND Proteomic*; ‘Bovine OR Cow’ AND Metabolomic*. 
$ data incomplete due to search date.

1.3.1 Acute phase proteins (APPs)
When an animal responds to infectious agents a number of physiological changes known as the acute 

phase response take place. These responses can take place at the site of infection as well as a systemic 

response resulting in changes to the levels of specific protein in the blood, known as acute phase 

proteins (APPs). In response to bacterial infection the APPS, Serum Amyloid A (SAA), Haptoglobin 

(Hp), Liposaccharide Binding Protein (LBP) and Alpha-1-acid Glycoprotein (AGP) have been shown 

to be significantly up-regulated in blood samples taken from infected calves at the early stages of 

infection. M. haemolytica challenge has been shown to result in increased plasma levels of LBP and 

SAA within 24hrs of infection, with LBP remaining elevated until 60hrs p.i. (Horadagoda et al., 1994; 

Horadagoda et al., 1995; Knobloch et al., 2010). Similarly, P. multocida infection resulted in 

increased levels of the APPs Hp, SAA and AGP within 24hrs of infection, with circulating levels of 

Hp and AGP remaining elevated until 96hrs p.i. and SAA elevated until 72hrs p.i. (Dowling et al., 

2004; Dowling et al., 2002). However, Dowling et al., demonstrated that inoculation with formalin 

killed P. multocida or Phosphate Buffered Saline (PBS) resulted in increased SAA levels from 0 to 

24hrs p.i. (Dowling et al., 2004). These findings illustrate that although the APPs SAA, Hp, LBP and 

AGP are sensitive early markers to bacterial infection, they are not specific indicators of exposure to 
live bacterial pathogens.
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Table 1.4: Comparison of current routine anti-mortem BRD diagnostic tests and current 
research aiming to improve BRD diagnosis.

Advantages Disadvantages

Routine anti- 
morteni diagnosis
(Serology, PCR)

• Relatively low cost
• Serology does not require skilled 

operators
• PCR is highly sensitive
• Demonstrates exposure to pathogen

• Diagnosis o f exposure does not mean presence 
of disease

• Serology -  seroconversion increases analysis 
lime by 10-14 days

• Serology -  maternal antibodies complicate 
diagnosis

• qPCR - requires skilled operators
• qPCR - requires specialized equipment and 

results differ from lab to lab
• Only tested pathogens will be detected
• Use o f M LV vaccines complicate diagnosis

DIVA Vaccines
• Can differentiate infected from 

vaccinated animals

• Currently only available for BH V - 1
• Serology tests cannot differentiate vaccinated 

from vaccinated and infected
• Requires seroconversion - increases analysis 

time by 10-14 days
• Requires companion test
• Reduced efficacy of modified viruses

Rapid and 
multiplex anti- 
mortem diagnosis
(Serology -  
Multiplex E L IS A , 
Luminex; T R U -  
R SV )

• Multiplex analysis reduces analysis time
• Rapid on site testing (TRU-RSV)

• Serology -  seroconversion increases analysis 
time by 10-14 days

• Diagnosis of pathogens does not mean disease 
presence

Ultrasonography 
and Thermal 
Imaging

• Non-invasive
• Rapid on site testing
• Identification of animals that may be 

infected

• Lack sensitivity' and specificity
• Equipment can be expensive
• Cannot diagnose pre-clinical disease

Acute Phase 
Proteins

• Highly sensitive to early stages of 
bacterial infection

• ELISA screening is not technically 
demanding

• Identification of animals that may be 
infected

• Non-specific
• Limited diagnostic window for viral pathogens

Proteomic
biomarker
screening

• Protein markers can be easily applied for 
diagnostic testing (i.e. ELISA)

• Identification of alternative markers of 
infection (increased diagnostic window, 
greater information on animal health 
status)

• May not be complicated by vaccination
• Possible markers o f respiratory tissue 

damage in biofludis
• Functional roles of protein markers can 

easily be determined

• LC-M S analysis expensive
• Complex datasets and analysis
• Requires skilled operators
• Expensive equipment
• Uiomarkcr screening in plasma requires 

extensive sample preparation
• Identified protein markers dependent on 

database annotations

Metabolomic
biomarker
screening

• Identification of markers is species 
independent

• Phenotypic level analysis
• Identification of alternative markers of 

infection (increased diagnostic window, 
greater information on animal health 
status)

• May not be complicated by vaccination
• Possible markers o f respiratory tissue 

damage in biofludis

• Identification of novel compounds is 
problematic due to limited database entries

• Highly complex datasets
• Requires sophisticated multivariate data 

analysis
• Requires skilled operators
• High cost of analysis equipment
• Application for low technicality diagnostic 

testing problematic due to low molecular 
weight and metabolite derivatives

• Determination o f metabolite functions may be 
problematic
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In response to viral infection elevated levels of the APPs Hp and SAA have been observed. 

Co-infection with BVDV and BHV-1 was shown to result in increased circulating levels of SAA from 

days 5 to 7 p.i., with no significant changes in the levels of SAA in animals only infected with BVDV 

or BHV-1 relative to controls (Risalde et al., 2011). In response to BRSV infection increased 

circulating Hp levels were elevated from days 5 to 9 p.i., with peak levels correlating with peak viral 

shedding and severity of clinical symptoms (Heegaard et ah, 2000). However, elevated levels of Hp 

were not observed in viral challenged animals in two studies investigating API’ response to BHV-1 

and BVDV infection (Godson et ah, 1996; Risalde et ah, 2011).

Further studies in field settings have assessed the potential of APPs for BRD diagnosis. 

Significant increases in the levels of the APPs Fibrinogen, Hp, SAA, AGP and LBP have been 

observed in animals displaying symptoms of BRD (Angen et ah, 2009; Nikunen et ah, 2007; Ulutas et 

ah, 2011). However, in the study by Angen et ah, SAA was only significantly higher in 2 out of 3 

groups of diseased animals from separate herds relative to healthy animals. Although interestingly 

these diseased herds were the only ones to have detectable BRSV antibody levels and therefore there 

may be an association with increased levels of SAA in animals which have BRSV induced respiratory 

damage.

In order to thoroughly manage viral infections earlier identification is required to isolate 

infected animals with accurate disease stage diagnostics so that prophylactic antibacterial treatment 

(particularly as bacterial infections start 6 to 10 days after the initial Stress event (Hjerpe, 1983)) can 

be commenced if appropriate. However, APPs do not allow for early enough identification of infected 

animals, particularly as clinical symptoms correspond with peak virus shedding and increased APP 

levels. Furthermore, despite their diagnostic potential APPs lack specificity (Eckersall and Bell, 

2010), but in combination with pathogen specific tests, or protein/metabolite biomarker based tests, 

may provide greater information on the health status of infected animals for BRD diagnosis.

1.3.2 Proteomic biomarker screening

Proteomics is the analysis of the relative abundance of proteins within a particular bio-fluid or tissue 

sample and can either follow a targeted or un-targeted ‘discovery’ approach for biomarker screening, 

as illustrated in Figure 1.5. Discovery ‘bottom-up’ based proteomics approaches (either in vitro or in 

vivo) are routinely employed for protein biomarker screening, whereas targeted ‘top-down’ proteomic 

approaches serve as a validation step or more accurate quantification of the markers identified from 

un-targeted studies. The potential of ‘bottom-up’ discovery approaches using in vitro disease models 

has been demonstrated, with selected in vitro markers being detected in the circulatory system in vivo 

(Lau et al., 2010; Sardana et al., 2008; Zhang et al., 2010). Alternatively in vivo approaches, perform 

proteomic analysis of selected bio-fluids (typically plasma or serum, although other bio-fluids such as 

lavage fluid (Boggs, 2004; Lau and Chiu, 2009) and nasal mucus (Debat et al., 2007; Tewfik et al.,
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2007) may be employed for respiratory diseases to identify disease markers (Dowell et al., 2008; 

Nesvizhskii and Aebersold, 2005).

2D Gel Electrophoresis (2D GE) (reviewed (Gorg et al., 2004; Rogowska-Wrzesinska et al., 

2013) and Reverse Phase-Liquid Chromatography-Mass Spectrometry (RP-LC-MS) (reviewed 

(Aebersold and Mann, 2003; Domon and Aebersold, 2006) are the two principle techniques employed 

for discovery proteomics. RP-LC-MS, often termed ‘shotgun’ proteomics, involves the enzymatic 

digestion of all proteins within a biological sample followed by mass spectrometry analysis, where 

detected peptides can be sequenced and searched against online databases to determine the protein 

from which they originate (Aebersold and Mann, 2003). ‘Shotgun’ proteomics studies often employ 

C l8 reverse phase liquid chromatography (RP-LC) as the final downstream method for fractionating 

samples prior to introduction to the mass spectrometer and offers greater sensitivity compared to 2D 

GE, with un-targeted quantification of peptides over a dynamic range of 104 (de Godoy et al., 2008), 

but with the disadvantage of increased complexity for downstream data analysis. In contrast to RP- 

LC-MS, 2D GE can easily detect varying post-translational modifications or truncations resulting from 

disease manifestations (Rogowska-Wrzesinska et al., 2013), but is less sensitive and can only quantify 

samples over a maximum dynamic range of 103 by fluorescent staining, 102 by silver staining and 

colloidal coomassie staining (Dyballa and Metzger, 2012; Lilley and Friedman, 2004; Lilley et al., 

2002). 2D GE is therefore more suited to the assessment of in vitro disease models with a low 

dynamic range, whereas RP-LC-MS has the required resolution for ‘shotgun’ proteomic analysis of 

bio-fluids with a high dynamic range (i.e. plasma) - although extensive sample preparation may be 

required for identification of low abundance disease markers (Bandow, 2010; Corrigan et al., 2011; 

Faulkner et al., 2011; Marco-Ramell and Bassols, 2010; Patel et al., 2012; Polaskova et al., 2010; 

Roche et al., 2009). This is illustrated in Figure 1.6 which represents a gel profile of bovine plasma 

analysed by 2D GE, where despite a high number of individual protein spots, these spots originate 

from a small number of high abundance proteins which may mask lower abundance protein markers 

present within the analysed plasma sample. 2D GE using in vitro disease models can be employed to 

identify potential disease markers, as proteins released/secreted from infected cells can potentially be 

reflected in protein profiles within circulating bio-fluids as they are released/secreted during infection 

in vivo (Chenau et al., 2009; Lau et al., 2010; Makridakis and Vlahou, 2010). Furthermore, in the case 

of viral infection studies novel proteins accumulated intracellularly will be released into circulating 

bio-fluids as infected cells die (Alcon et al., 2002; Chung et al., 2006a; Chung et al., 2006b; Yeh et al., 

2012) and may be detectable in the circulatory system.
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Figure 1.6: Representative plasma proteome analysed by 21) GE. 500pg of bovine plasma 
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(Anderson et al., 1995) and imaged using a iT8 calibrated Epson perfection v750 pro operating 
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gel (Anderson and Anderson, 1977; Skrzypczak et al., 2011).
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1.3.2.1 Application of proteomic biomarker screening in IIRD
A small number of studies have applied a ‘bottom-up’ discovery approach for the selection of protein 

markers relative to BRD infections. Aich et al., employing 2D GE on non-depleted plasma, observed 

increased levels of Apolipoprotein Al, Hp and low density lipoprotein (LDL) in BRSV infected 

animals (Aich et al„ 2007). In a further study, protein markers for prediction of outcome from an 

experimental model for fatal BRD (BHV-1 followed 4 days later with aerosol challenge with M. 

haemolytica) were assessed by using the same proteomic techniques (Aich et al., 2009). Similar to 

their previous findings, elevations in Apolipoprotein A 1, Hp, and LDL levels occurred at day 4 p.i, but 

no proteins were identified at the early stages of infection which could differentiate between animals 

which would eventually die from the disease compared to those which survived. In contrast to these 

studies, Boehmer et al., applied RP-LC-MS analysis of BAL to investigate the effects of M. 

haemolytica infection (Boehmer et al., 2011). Elevated levels of Hp, Cathelicidin-1, Cathelicidin-4 

and Inter-alpha-trypsin inhibitor heavy chain 4 were observed in infected animals, however, these 

markers were only assessed up until 16hrs p.i. These studies have demonstrated the potential for 

‘bottom-up’ proteomics to identify protein markers associated with BRD and suggest that more 

extensive depletion and fractionation of plasma in combination with RP-LC-MS may increase the 

chances of identifying further markers which could be applied to BRD diagnosis.

Whilst no in vitro proteomics studies have been performed for any of the viruses involved in 

BRD, infection of A549 cells (as a model of respiratory epithelial infection) has been investigated for 

the human forms of the paramyxoviruses Respiratory Syncytial Virus and Parainfluenza-3 (Brasier et 

al., 2004; Hastie et al., 2012; Munday et al., 2010; van Diepen et al., 2010). These studies employed 

both RP-LC-MS and 2D GE based proteomic analysis techniques to examine the intracellular effects 

of respiratory viruses, and particularly on their ability to evade host cell mediated immune response 

mechanisms and employ host cell machinery for the competitive replication of viral proteins. The 

authors did not comment on the potential application of in vitro infection models for identification of 

candidate markers for diagnosis of infection in vivo, but it is clear from their findings that in vitro 

infection models for BRD viruses may find use as a platform for the selection of candidate infection 

markers representative of in vivo diagnosis.

1.3.2.2 Protein bio marker validation
Depletion and fractionation strategies are often employed for ‘shotgun’ proteomics studies to reduce 

the masking effects of high abundance proteins and improve sequence coverage and hence the 

reliability of database identifications (Bandow, 2010; Chiu et al., 2012; Dowell et al., 2008; Emoult et 

al., 2010; Fang et al., 2010; Faulkner et al., 2011; Polaskova et al., 2010; Roche et al., 2009). 

However, as observed by McGrath et al., the protein markers identified from studies employing 

protein depletion may not be significantly different upon analysis of non-depleted samples using more
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robust quantitative techniques (McGrath et al., 2013). In order to verify that the protein biomarkers 

selected from proteomics studies reflect their true levels in original samples antibody based 

approaches such as Western Blotting and ELISA have traditionally been employed (Kijanka et al., 

2009; Zangar et al., 2006). More recently, Multiple Reaction Monitoring (MRM) (reviewed (Doerr, 

2013; Ong and Mann, 2005) has emerged as a tool for quantification and validation of protein markers 

identified from untargeted experiments as illustrated in Figure 1.5. MRM analysis is commonly 

employed by Triple Quadropole (QqQ) Mass Spectrometers, where precursor peptide and fragment 

ions selected using quadrupoles 1 and 3 respectively allow for the measurement of specific precursor 

ion transitions as a result of collision induced dissociation (quadrupole 2) (reviewed (Lange et al., 

2008; Ong and Mann, 2005). The verification of proteotypic peptides is dependent on the observation 

of co-eluting chromatographic peaks representative of the assessed MRM transitions. Furthermore, as 

the numbers of MRM transitions per peptide which are assessed increases, the probability of false 

identifications is significantly reduced and in general 3 transitions per peptide are selected (typically y- 

ions midway along the peptide length) for verification purposes (Ludwig et al., 2012). ELISA and 

Western Blotting rely on the availability of often expensive antibodies, require extensive hands-on 

sample preparation and assay optimization and are affected by non-specific binding and cross

reactivity (Michaud et al., 2003). In contrast, MRM has lower reagent cost (Percy et al., 2013), higher 

throughput, can analyse 10s to 100s of peptides in a single analysis run, and once a standardized 

method has been validated for use, are easily applied for screening in further studies (Ludwig et al., 

2012). A number of studies recently have applied targeted MRM proteomic analysis for protein 

marker validation and the technique has been shown to have excellent linearity of up to 5 orders of 

magnitude (Picotti et al., 2009) even in samples of high complexity such as plasma (Kuzyk et al., 

2009; Ludwig et al„ 2012). Furthermore, Bislev et al., have employed targeted MRM analysis for the 

quantification of a panel of 20 proteins (40 peptides) widely accepted to be indicators of host-response 

to mastitis in mammary gland tissue (Bislev et al., 2012), illustrating the multiplex potential of 

targeted MRM proteomics for biomarker screening in agricultural disease.

1.3.3 Metabolomic biomarker screening
Metabolomics is the quantification and characterization of metabolites in biological samples (Dettmer 

et al., 2007). The metabolome has been defined as the ‘quantitative collection of endogenous and 

exogenous metabolites present in a cell or biological system, whether synthesized and catabolised 

within the biological system or absorbed from its external environment (pharmaceuticals, food 

nutrients or the components of growth medium or of symbiotic or passenger organisms’ (Dunn et al., 

2008). Two complementary approaches are used for metabolomic studies: metabolomic fingerprinting 

and metabolomic profiling (Dettmer and Hammock, 2004). Fingerprinting is the unbiased global 

screening of compounds (with no identification), and is aimed at classifying samples based on
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metabolomic patterns or “fingerprints” that change in response to disease, environmental or genetic 

perturbations (Dettmer et al., 2007). A number of studies have demonstrated the potential of 

metabolomics fingerprinting for the screening of anabolic steroid treatment in calves (Dervilly-Pinel et 

ah, 2011; Kieken et ah, 2011; Rijk et ah, 2009). In contrast, metabolomic profiling is the quantitative, 

untargeted analysis of compounds relating to a specific metabolic pathway or class of compounds 

(Dettmer et ah, 2007) and has been found to offer interesting new insights to the understanding of the 

physiological processes involved in disease development and diagnosis (Graham et ah, 2013; 

Sreekumar et ah, 2009; Xiao et ah, 2012; Yang et ah, 2006; Zhang et ah, 2013). Figure 1.7 illustrates 

a schematic representation of the typical workflow utilised for metabolomics biomarker screening and 

identification studies.

Within the field of metabolomics a wide range of analytical platforms are employed but 

typically Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) are the principle 

instrumental platforms for metabolite quantification and identification (Dunn and Ellis, 2005). 

f urthermore, in combination with MS, up-stream sample separation by gas chromatography or liquid 

chromatography is usually applied (Dunn et ah, 2008), offering significant improvements in analysis 

resolution identifying 1000s of chromatographic peaks. NMR and MS both offer distinct advantages 

and disadvantages for selection of metabolite disease markers (reviewed (Dettmer and Hammock, 

2004; Dunn and Ellis, 2005). Briefly, NMR facilitates highly quantitative non-destructive analysis of 

biological samples with minimal sample preparation - however, only medium to high abundance 

metabolites will be identified. In contrast, MS offers greater sensitivity and in many cases allows for 

the identification of lower abundance novel compounds which may have greater significance for 

diagnostic applications, particularly when investigating novel markers, compared to the analysis of 

‘higher abundance’ metabolites by NMR. Furthermore, the investigation of different metabolite 

subtypes is possible when applying different sample preparation procedures, i.e. lipid removal using 

chloroform/methanol extraction for lipidomics using GC-MS. For identification purposes, metabolite 

separation using liquid chromatography (i.e. reverse phase or hydrophilic interaction liquid 

chromatography (HIL1C)) provides additional information on metabolite physiological properties. 

Mass spectrometry metabolomics often requires a sample preparation step, which may result in 

metabolite loss and the separation technique and ionization modes may result in discrimination of 

certain metabolite classes (i.e. H1LIC is biased towards retention of highly polar or hydrophobic 

compounds, however these compounds would have poor separation using reverse phase liquid 

chromatography). Therefore, in metabolomics method development phases is it advised that multiple 

analyses are performed using different separation techniques to select the best performing method for 

the remainder of experimental analysis.
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1.3.3.1 Application of metabolomic biomarker screening in BRD
As previously discussed, studies by Aich et al., (2007 and 2009) also employed metabolomics 

analyses using NMR for biomarker selection in serum. Increased levels of glucose and amino acids 

and decreased lipids were associated with BRSV infection (Aich et al., 2007). Their further research 

applied these principles to select markers for the prediction of disease outcome from an experimental 

model for fatal BRD (Aich et al., 2009). Proteomic analysis did not reveal markers which differed 

between animals that survived or died; however, using metabolomics increased glucose levels were 

observed at day 4 p.i. in animals that survived and increased valine observed in those that died. GC- 

MS analysis has also been applied for the selection of biomarkers to assess metaboloinic responses in 

blood to combinations of BVDV exposure and M. haemolytica challenge (Terrill et al., 2010). They 

assessed changes in metabolite levels in plasma as a result of infection at -72hr, 12hr, 24hr and 48hrs 

post infection using GC-MS. Variations in the profiles of threonic acid, citric acid, isoleucine, leucine, 

valine, glycine and phenylalanine were found to be associated with BVDV and M. haemolytica 

infection throughout the study, with significant reductions in glutamic acid levels occurring in all 

infection groups relative to controls at 12hr p.i. The ability of metabolomics to identify disease 

markers in situations where proteomic biomarker screening could not, indicates the strength of 

metabolomics for biomarkers discovery' as well as illustrating the need for multiple analysis platforms 

for biomarker discovery.

______________________________________________  Chapter 1
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Figure 1.7: Schematic representation of metabolomics workflow.
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1.4 Study aims and objectives

It is widely accepted that disease diagnosis is the major barrier preventing the successful management 

of BRD (Fulton and Confer, 2012; Harland, 2009; McVey, 2009; Stanton, 2009; Taylor et at., 2010). 

A number of these limitations have already been discussed in relation to anti-mortem diagnosis with 

regard to the absence of initial disease causing pathogens and the correlation of identified pathogens 

with disease. However, the early identification of infected animals within a timeframe that allows for 

preventative treatment and herd management, together with the development of diagnostic methods 

for differentiating infection amongst vaccinated herds are major priorities for BRD research. 

Furthermore, in order to improve preventative measures for BRD infections further research is needed 

to understand the underlying causes of failed vaccination (Fulton and Confer, 2012) as well as 

developing alternative methods of rapid screening of vaccine efficacy and assessment of immune 

protection (Harland, 2009). With a limited diagnostic window for preventative treatment and 

complications associated with differentiation of infection from MLV, the use of biological markers as 

diagnostic tools offers a potential solution for overcoming current limitations in the effective 

management of BRD.

This study aims to address a number of the major limitations for BRD management and will 

focus specifically on the ‘gateway’ virus Bovine Parainfluenza Virus-3 due to its endemnicity within 

cattle populations and absence of clinical symptoms which still predispose animals to more severe 

bacterial infections (Kapil and Basaraba, 1997). With the absence of severe clinical symptoms 

(Vaucher et al., 2008) infected animals may not be detected prior to the onset of more severe clinical 

or bacterial infections, as illustrated by isolation of the virus in 6% of animals displaying clinical 

symptoms and an absence from analysed post-mortem tissue samples (AFBJ/DAFM, 2012). Current 

diagnostic tests for BP1V-3 cannot rapidly and sensitively identify infected animals, illustrating the 

need for alternative diagnostic approaches to detect BP1V-3 infections prior to the onset of more 

severe bacterial infections. Furthermore, despite vaccination based preventative measures some 

animals fail to develop a successful immune response and can become infected with each seasonal 

disease outbreak (Kahrs, 2001). In order to provide accurate identification of BPIV-3 infected 

animals, diagnostic tests must be able to differentiate between infected animals within populations of 

vaccinated animals, which is not possible with the currently employed laboratory tests. This research 

will therefore focus on the identification of alternative diagnostic markers of BPIV-3 infection and 

assess responses to vaccine treatment to identify markers of successful immune protection to allow for 

the identification of animals failing to respond to vaccination programs within cattle populations.

The current study will seek to address major limitations in BRD management, focusing on 

improved diagnosis of viral infections as well as investigating improved diagnostic methods for 

investigating successful response to vaccination. The first stage of this study will investigate 

candidate markers of BPIV-3 infection using an optimized in vitro disease model. BPIV-3 has been
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demonstrated to grow readily in culture (Castleman et al., 1991; Liggitt et al., 1985; Probed et al., 

1977; Rossi and Kiesel, 1971, 1977; Toth and Hesse, 1983), making it an excellent model for the 

selection of candidate markers of BRD viral infection and assessment of host-virus interactions at the 

cellular level. The second research stage will investigate the metabolomic responses to vaccination 

(using a commercial vaccine), to assess potential markers which are characteristic of successful 

immune protection. This will allow for the assessment of animals which fail to respond to vaccination 

as well as providing fudher understanding of the processes involved in the generation of immune 

memory at the metabolite level. The third and fourth stages of this study will assess metabolomics and 

proteomic responses to BP1V-3 challenge in vaccinated and non-vaccinated animals respectively. 

Within the foudh stage of the study sample preparation methods will also be investigated for 

improving the potential for depleting high abundance protein markers, which will aid in the selection 

protein markers and improve sequence coverage for more accurate database identifications. In the 

final phase of the study a targeted proteomic method will be developed for the relative quantification 

and validation of candidate markers of BP1V-3 infection revealed by in vitro and ‘shotgun' proteomic 

biomarker screening.

The principle aims of this study are summarized as follows:

• To identify candidate markers using proteomics techniques of BPIV-3 infection which can be 

applied for early identification of infected animals in vivo based on an in-vitro disease model

• To assess the ability of metabolomics profiling to identify biological markers produced in 

response to vaccination with a view to better understanding the processes of immune- 

protection at the metabolite level

• To assess the ability of metabolomic profiling to identify markers capable of discriminating 

between vaccinated and non-vaccinated animals in an ubiquitous BPIV-3 infection 

environment

• Investigation of suitable sample depletion strategies which can be applied to the proteomic 

analysis of bovine plasma

• To assess the ability of proteomic techniques to identify protein markers capable of 

discriminating between vaccinated and non-vaccinated animals in an ubiquitous BPIV-3 

infection environment

• To develop targeted mass spectrometry based methods for the relative quantification of 

specific proteins in bovine plasma

• To determine if candidate markers of BPIV-3 infection selected from an in vitro disease 

model differ in vivo in vaccinated and non-vaccinated animals after challenge with BPIV-3.
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Chapter 2 -  Identification of candidate protein markers of BPIV- 

3 using an in v itro  infection model
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2.1 Introduction

Bovine Parainfluenza Virus-3 (BP1V-3) is one of the major viral pathogens of the Bovine Respiratory 

Disease (BRD) complex (Kahrs, 2001), and a source for extensive economic loss in the agricultural 

industry. BPIV-3 induced damage caused through the destruction of the ciliated respiratory 

epithelium (Bryson, 1985) and immunosuppression via depression of local cellular immunity by 

impairment of alveolar macrophage phagocytosis (Baker et al., 1997, Trigo et al., 1985), predisposes 

animals to more severe secondary bacterial and mycoplasma infections such as Mannheimia 

haemolytica, Haemophilus somnus, Pasleurella multocia, and Mycoplasma hovis (Xue et ah, 2010, 

Aich et ah, 2009, Cusack et ah, 2003). The current anti-mortem diagnostic tests for BPIV-3 provide 

limited information on the current health status of an animal and can only determine exposure to the 

pathogens but not the presence of diseased tissue (Fulton and Confer, 2012). Proteomic biomarker 

screening is the assessment of changes in in protein abundance and/or modification as a result of 

external perturbations. Studies performed in in vitro infection models have demonstrated the potential 

for proteomic biomarker screening tools to identify disease specific markers which can be detected in 

circulating bio-fluids (e.g. plasma) in vivo. Therefore, proteomic analysis of BPIV-3 using in vitro 

infection models could allow for the selection of markers for the early identification of diseased tissue 

in exposed animals.

The 2D Gel Electrophoresis (2D GE) proteomic technique offers the ability to separate and 

analyse 100s of proteins in a single sample simultaneously. Proteins are separated in the first 

dimension by their Isoelectric point (pi) and in the second dimension by their molecular weight (MW). 

Digital image acquisition and down-stream software analysis allows for the comparative matching of 

spot patterns between differing gels, and peak intensities of spots when stained with coomassie blue 

are relative to the amount of protein present, thereby allowing for the analysis of quantitative 

differences in protein abundance. 2D GE in contrast to higher resolution ‘shotgun’ Liquid 

Chromatography-Mass Spectrometry (LC-MS) based proteomic techniques offers the ability to 

observe varying post-translational modifications or truncation of proteins resulting from disease 

manifestations in infected cells. The analysis of cellular responses to infection using in vitro based 

models may offer an opportunity to identify candidate markers representative of in vivo infections 

which could be employed for rapid diagnostic testing of active BPIV-3 causing damage to the 

respiratory environment. Furthermore, the use of respiratory derived cell lines lor in vitro disease 

models may be representative of respiratory tissue damage in vivo, increasing the chances of 

identifying potential diagnostic markers of viral infection.

BPIV-3 has been shown from experimental infection to replicate in the epithelial cells of the 

upper and lower respiratory tract (Cusack et al., 2003). However, damage caused by the virus occurs 

primarily in the lower respiratory tract, and has been shown to cause bronchitis, bronchiolitis and 

alveolitis (Bryson, 1985). It is spread by large droplet diffusion and having entered the respiratory
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tract must overcome host innate response mechanisms (mucosal layer, and ciliated respiratory 

epithelia) before it can infect cells and replicate (Morein and Bergman, 1972, Bryson, 1985). 

Respiratory epithelial cells provide one of the first lines of defence in the innate immune response to 

respiratory viruses; however, they are therefore also the first targets for virus replication. As a model 

for the selection of potential markers reflective of infection in vivo, the Foetal Calf Lung (FCL) cell 

line was selected as it has been documented to allow the growth of BPIV-3 in vitro (Kahrs, 2001). 

Furthermore, as fibroblasts constitute the major component of the lung interstitium, once BPIV-3 is 

released from infected epithelia cells into the extracellular space, fibroblasts are a likely secondary 

target for viral replication. As BPIV-3 infected cells ultimately die, proteins are released into the 

extracellular space and ultimately into circulating bio-fluids. Therefore, by assessing those proteins 

significantly up-regulated in infected FCL cells by quantitative proteomic analysis using 2D GE, 

candidate markers for BPIV-3 infection in vivo can be selected for quantitative analysis in the plasma 

ot infected animals. These markers, released from infected cells or diseased tissue, offer the potential 

to diagnose animals not only exposed to the viral pathogens but also allowing for the determination of 

virus induced damage to the respiratory tract and offering insight as to how future opportunities could 

be considered for prophylactic antibacterial treatment to minimise the progression to more severe 

clinical disease.

Despite being involved in one of the most severe agricultural diseases of cattle, little is 

understood about the interactions of BPIV-3 with host cells at the intracellular level and in particular, 

on how the virus is able to overcome host-cell mediated immune response mechanisms and subvert the 

host-cell machinery for translation of viral proteins. The molecular mechanisms by which 

parainfluenza viruses enter target cells are well reviewed (Henrickson, 2003). However, there are no 

published findings as to how host-cells interact with BPIV-3, allowing for the competitive 

transcription of viral mRNA and replication of viral proteins. A number of recent studies have aimed 

to understand the intracellular effects of Human Parainfluenza Virus-3 (hPlV-3) and the closely 

related paramyxovirus, Respiratory Syncytial Virus (RSV) in A549 adenocarcinomic human alveolar 

basal epithelial cells (van Diepen et al., 2010, Munday et al., 2010a, Monday et al., 2010b, Munday et 

al., 2012, Brasier et al., 2004, Hastie et al., 2012). However, these studies report conflicting findings 

suggesting that infection induces a stress response and apoptosis (van Diepen et al., 2010, Brasier et 

al., 2004) but on the other hand provides conditions favourable for viral replication (Munday et al., 

2010a). Analysis of the changes in abundance of host-proteins as a result of infection could provide 

key insights into how BPIV-3 overcomes host-cell mediated immune responses and employs host-cell 

machinery for protein replication.

This study therefore aims to utilise proteomic approaches to examine in vitro cellular 

responses during BPIV-3 infection with a view to identify putative markers representative of in vivo 

infection and enhance the current understanding of intracellular host-virus interactions. The BPIV-3 

infection model employed was optimised to allow for cell growth in low media serum concentrations
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to reduce the potential impact of serum protein contaminants which could mask potential cellular 

protein markers. 37 proteins were found to be differentially expressed in BPIV-3 infected cells and 

functional classification highlighted an increase in proteins associated with mRNA translation, protein 

production, post-translational modification and protein trafficking, indicating host-cell competition 

with viral mRNA. Due to their accumulation at the later stages of infection, Phosphoprotein P, T- 

complex protein 1 subunit theta and 14-3-3 protein were identified as potential protein markers of in 

vivo infection.

2.2 M aterials and methods

2.2.1 Growth of Foetal Calf Lung (FCL) cells

FCL cells were prepared within the cell culture department of the Veterinary Science Division at the 

Agri-Food and Biosciences Institute, Northern Ireland. Briefly, a large piece of lung tissue was 

removed aseptically from a foetus and placed in a sterile jar. The lung tissue was washed three times 

in PBS containing strong antibiotics (1000 units of penicillin and 1000mg/ml streptomycin). The 

membrane surrounding the lung tissue was removed using a scalpel and lung material was washed in 

PBS containing strong antibiotics. Any connective fibrous material was removed and the tissue was 

placed in a trypsinising flask containing PBS and strong antibiotics at 37°C. The tissue was washed 

three times with PBS containing strong antibiotics and stirred vigorously using a magnetic stirrer. 

After the final washing step 0.25% trypsin was added to the flask to cover the stirring bar and 

incubated for 15mins. Cells were harvested every 15mins into sterile bottles containing 20ml of 

growth media (GMEM supplemented with 10% Irradiated Foetal Calf Serum (1RR FCS), 0.1% 

gentamicin and 1% glutamine) at 4°C. When tyrpsinisation was complete cells were pelleted at lOOOg 

for lOmin. Cells were diluted 1:100 in growth media and dispensed in 375cm3 flasks prior to culture.

2.2.2 Chemicals and reagents

GMEM, trypsin, gentamicin and glutamine were purchased from Invitrogen (Life Technologies, 

Paisley, UK). DTT, IAA, and Readysol IEF were purchased from GE Healthcare (Buckinghamshire, 

UK). LC-MS grade formic acid, acetonitrile and H2O were purchased from Fisher Scientific (MA, 

USA). All other reagents were electrophoresis grade and purchased from Fisher Scientific. 

Sequencing grade modified trypsin was purchased from Promega (WI, USA).

2.2.3 Preparation of BPIV-3 stock and determination of virus titre

Culture conditions throughout experiments were maintained at 37°C and 5% CO2. For preparation of 

virus stock, BPIV-3 was propagated in FCL cells grown to monolayer in the same conditions as above. 

Previous stocks of BPIV-3 (2005 Northern Irish field strain, isolated from a calf with pneumonia
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designated according to the laboratory information management system reference for the post-mortem 

case: ‘2005-015033’) were inoculated into monolayered FCL cells at an approximate multiplicity of 

infection (m.o.i.) of 1:1. After 5 days propagation flasks were subjected to 3 freeze thaw cycles at - 

80°C. The media was then removed, pooled and dispensed into equal amounts in centrifuge tubes. 

Cell debris was removed by centrifugation at l,300g at 4°C for lOmin. The supernatant (BPIV-3 

stock) was aliquotted into lml vials and stored at -80°C. Virus litre was determined using the Karber 

formula (Karber, 1931). Briefly 96 well plates of FCL cells (n=3) were prepared and grown to 

monolayer in growth media. Growth media was removed and replaced with 90gl of maintenance 

media (GMEM supplemented with 2% FCS, 0.1% gentamicin and 1% glutamine) per well. 

Monolayer quality was determined prior to infection using a light microscope at lOOx magnification. 

An aliquot of virus stock pool was thawed and log dilutions were prepared in maintenance media. 

10pl of each virus dilution (8 replicates of each dilution per plate) was added to columns I to 11 

sequentially and 10pl of maintenance media to column 12. After 7 days the wells were examined 

under light microscope at lOOx magnification for changes in cell monolayer. TCID50 was determined 

as follows:

TCID50 = -A -  8(S-0.5)

Where A is the Logio of the highest dilution with 100% positive cultures, 8 is the Logio of the dilution 

factor and S is the sum of the positive cultures per dilution (expressed as a fraction, e.g. 100% positive 

= 1).

2.2.4 Optimisation of culture conditions for the collection of cell lysates from 

mock/BPIV-3 infected FCL cells
Alamar Blue (Invitrogen) and Lactose Dehydrogenase (LDH) assays were performed to monitor the 

effect of varying FCS concentrations with or without BPIV-3 infection on FCL cell health. The 

cytotoxic effect of maintenance conditions and BPIV-3 infection were determined using a LDH assay 

kit plus (Roche Applied Science, Lewes, East Sussex, United Kingdom) according to manufacturer’s 

instructions.

Alamar Blue assays were performed as per manufacturer’s instructions. Briefly, lOpI of 

Alamar Blue was added to each well and maintained for 3hrs. Absorbance was measured at 570nm 

with a reference of 600nm and cell viability was calculated by removing the background absorbance 

and dividing the experimental value by the positive growth control (FCL cells maintained in GMEM 

supplemented with 1% glutamine, 0.1% gentamicin and 2% FCS). Throughout this study FCL cells 

were maintained at 37°C, 5% CO2 in an incubator.

35



Chapter 2

2.2.4.1 Investigation of a suitable initial FCL seeding density for Alaniar Blue and LDII
assays

In order to determine the optimum initial seeding density for Alamar Blue and LDH assays FCL cells 

were seeded at a density of 6.65x105 cells per ml in 6 wells of a 96 well plate and diluted 2 fold across 

the plate. The cells were maintained for 24hrs prior to analysis.

2.2.4.2 Assessment of the FCS concentration in culture media on FCL cells using Alamar 
Blue and LDH assays
FCL cells were plated at a density of 1.68xl05 cells per ml in 96 well culture plates and maintained for 

24hrs in growth media. FCL cells were mock infected with lOpl of GMEM and maintained for 1 hr. 

27hrs prior to analysis the media was removed and cells were washed with lOOpl of GMEM 

supplemented with FCS (2%, 0.5% or 0%). After three repeats of washing over a period of 3hrs the 

media was replicated with 100pl of GMEM supplemented with FCS (2%, 0.5% or 0%) until analysis. 

Alamar Blue and LDH assays were performed at three time points over a period of 72hrs (24, 48 and 

72hrs post infection). Maintenance media (GMEM supplemented with 1% glutamine, 0.1% 

gentamicin and 2% FCS) was used for maintaining cell cultures up to a period of 24hrs prior to 

analysis.

2.2.4.3 Assessment of FCS concentration in culture media and BPIV-3 infection of FCL 

cells using Alamar Blue and LDII assays
Culture conditions were the same as those in section 2.2.4.2 except with slight modification. lOpl of 

BPIV-3 (diluted from stock to achieve a m.o.i. of 10:1) was added to FCL cells and maintained 1 hr in 

place of mock infection.

2.2.5 Extraction of cell lysate proteins from Foetal Calf Lung cells for downstream 

proteomic analysis

FCL cells were seeded at a density of 6.25x105 cells per ml in 375ml culture flask. Cells were grown 

for 4 days until monolayered then mock infected with BPIV-3 at a m.o.i. of 10:1 and incubated for 

1 hr. Media was removed and cells washed 3 times with GMEM containing no FCS which was 

removed and replaced with GMEM containing 0.5% FCS. 27hrs prior to same collection the media 

was removed the cells were washed 3 times over a period of 3hrs with GMEM containing no FCS. 

The washing media was removed and replaced with GMEM continuing no supplements. After 24hrs 

culture media was removed from flasks and FCL monolayers were washed twice with PBS. The PBS
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was removed and 1ml of Lysis buffer (7M Urea, 2M Thiourea, 4% CHAPS, Roche Protease Inhibitor 

(1 tablets per 10ml buffer) (Roche Applied Science, Lewes, East Sussex, United Kingdom)) was 

added and incubated for 15min to facilitate cell lysis prior to determination of protein concentrations.

2.2.6 Determination of protein concentration of cellular lysates

Protein concentrations of cell lysates were determined by Bradford Protein assay (Sigma-Aldrich, 

Dorset, UK) as per manufacturer’s instructions. Briefly, standards were prepared in 1:3 l LOisample 

buffer to reduce the concentration of Urea and Thiourea to within the constraints of the assay. A 

volume of lOpI was removed from unknown samples and diluted 1:3 with water. BSA standards were 

prepared in the range of 0.1 to 1.4mg/ml for relative quantification of protein concentrations in 

unknown samples. 5 pi of standard or unknown was added to a well of a 96 microtitre plate. 250pl of 

Bradford reagent was added to each well and the plate shaken for 30sec. The plate was incubated at 

room temperature for 30min and absorbance measured at 595nm using a Pecan Satire II (Tecan, 

Mannedorf, Switzerland).

2.2.7 11) SDS-PAGE analysis of FCL lysates mock/BPIV-3 infected at 24hrs and 48hrs 

p.i.

ID SDS-PAGE was performed as a preliminary screening method to visualize the effects of BPIV-3 

infection on FCL intracellular proteins. Furthermore, FCL lysates were analysed alongside FCS 

proteins to evaluate the presence of FCS constituents in FCL lysates. FCL lysates were diluted to a 

concentration of 5pg/ml (as determined by Bradford assay) in lx SDS-PAGE loading buffer (50mM 

Tris-HCl pH 6.8, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue, 10% (v/v) glycerol, lOOmM DTP) 

and heated at 95°C for 5min in an Eppendorf Thermomixer (Eppendorf, New York, USA). 20pl of 

protein from each sample was loaded in each well of a 4-15% 11cm TGX precast polyacrylamide gel 

(Bio-Rad, Dublin, Ireland). Novex Sharp protein standard (Invitrogen, Life Technologies, Paisley, 

UK) was loaded for molecular weight calibration. Gels were run in Mini Protean tetra cell (Bio-Rad, 

Dublin, Ireland) attached to a BioRad PowerPac using a Lamcelli buffer system (25mM Tris, !92mM 

glycine, 0.1% SDS) for 35min at 150V. Gels were removed from the cassettes and fixed in 40% 

methanol 10%/acetic acid (v/v) for 1 hr prior to silver staining.

2.2.7.1 Silver staining of ID SDS-PA GE gels
A modified silver staining protocol was performed using a EiioRad Silver stain kit. Briefly, gels were 

removed from fixative and placed in 100ml of 10% oxidizer concentrate (3.4mM potassium 

dichromate in 3.2mM nitric acid). After 5min the gels were removed from the 10% oxidizer solution 

and washed 7 times with dd-HjO over a period of 15mins to remove the oxidizer. Gels were then 

immersed in 10% silver reagent concentrate (12mM silver nitrate). After 20mins gentle shaking, gels
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were rinsed briefly with dd-lbO and placed in developer solution (0.28M sodium carbonate and 

1.85% (v/v) paraformaldehyde). As soon as a brown precipitate was observed the solution was 

replaced with fresh developer, and repeated every 5mins until desired band intensity was reached. The 

staining reaction was stopped by immersing stained gels in 5% (v/v) acetic acid for 15mins. Stained 

gels were stored in dd-fhO until image acquisition using an Epson Perfection v750 Pro scanner.

2.2.8 21) SDS-PAGE analysis of FCL lysates

2.2.8.1 Casting of SDS-PAGE gels for 2D SDS-PAGE
Gels were cast in a Hoefer SE675 gel casting unit. Glass plates were washed with detergent, ddl hO 

and finally methanol to remove residual bound acrylamide and dried using lint free paper. Cassettes 

were constructed using 1.5mm spacers with a central notched glass plate. Table 2.1 indicates the 

reagent volumes required for the preparation of 10% or 12.5% SDS-PAGE gels. 140ml of 12.5% gel 

solution was poured into the gel cassettes to a height of 1cm below the casting chamber top. The gel 

was overlaid with 1 ml of isopropanol in each well of the cassette. After lhr of polymerization 

isopropanol was removed and replaced with distilled water. The gel unit was sealed with cling film 

and allowed to completely polymerize at room temperature overnight. Unused gel cassettes were 

stored in sealed bags at 4°C for a maximum 3 days.

Table 2.1: Recipe for Lab-cast SDS-PAGE gels for 2D Gel Electrophoresis.

Reagents
Final Acrylamide %

10% 12.5%

Readysol IEF (40% acrylamide solution) 35 ml 43.75 ml

4x resolving buffer (1.5M Tris-HCl, pH 8.8) 35 ml 35 ml

10% SDS 1.4 ml 1.4 ml

dd-H20 68.6 ml 59.85 ml

Added immediately before gel pouring

10% ammonium persulphate 0.7 ml 0.7 ml

TEMED 46.2 pi 46.2 pi

2.2.8.2 1st Dimension Isoelectric Focusing of protein lysates
Cellular protein lysates were concentrated and desalted using lOkDa MW cut-off devices (Millipore, 

MA, USA) and 500pg of each sample was dissolved in rehydration buffer (final concentration 8M 

Urea, 2% CHAPS, 0.5% IPG buffer, 0.002% bromophenol blue and 18mM DTT) and allowed to
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rehydrate overnight with IEF strips. First dimension separation was carried out using 13cm strips (GE 

Healthcare, Buckinghamshire, UK) (pH 3-10 non-linear gradient) in the Multiphorll unit as described 

by the manufacturer (GE Healthcare). IPG strips were focused in three steps: 300V for Imin followed 

by a linear gradient of 300V to 3500V for 1 hr 30min, voltage then 3500V for 4hrs, 2mA and 35 W 

limits were set and temperature was maintained at 20°C. Focused strips were stored at -80°C until 

further analysis.

2.2.83 2nd Dimension SDS-PAGE
1EF strips were defrosted at room temperature and each strip was incubated for 15min in 10ml of 

50mM Tris-HCl buffer pH 8.8, 6M Urea, 30% v/v glycerol, 2% w/v SDS, 0.002% bromophenol blue, 

lOOrng DTT followed by a second incubation step in the same buffer solution, except that DTT was 

replaced with 250mg iodoacetamide. Strips were then rinsed with electrode buffer, transferred to 

homogeneous 12.5% SDS-PAGE overlaid with 0.5% w/v agarose in running buffer containing 

bromophenol blue. Gels were run in a SE400 system (GE Healthcare) at 160mA, 350V, 30W for 

3.5hrs until the dye reached the bottom of the gel.

2.2.8.4 LSB Colloidal coomassie staining of 2D SDS-PAGE gels
The gels were fixed and stained using the LSB colloidal staining method (Anderson et al., 1995). 

Briefly, gels were removed from the cassettes and placed in a fixing solution of 50% methanol/3% 

phosphoric acid (v/v) overnight. Following fixation gels were washed in dd-H20 with shaking for 

20mins. This was repeated twice for a maximum of lhr. Gels were then preincubated in lOOml/gel 

staining solution (3% (v/v) methanol, 17% (w/v) ammonium sulphate, 3% (v/v) phosphoric acid) for 

1 hr. After preincubation brilliant blue coomassie G-250 was added at a concentration of 0.35g/100ml 

staining solution. Gels were placed on a shaker and stained for 4 days. Once staining was complete 

background stain was removed with dd-HjO. Gels were stored in dd-H20 prior to image acquisition 

and analysis.

2.2.9 Gel image acquisition and proteomic analysis

Stained gel images were acquired using an Epson Perfection v750 Pro scanner using a fluid mount 

accessory. The scanner was calibrated prior to image acquisition using a Monaco ¡T8 transparency 

reference target (iT8.7/1-1993 MONT45:2010:12) and the ICC scanner profile was created using 

Monaco EZ Color software (Monaco EZ Color). TIF Images were acquired with the corresponding 

calibrated ICC profile in transparency mode with scan parameters of 400 dpi and 16bit grayscale, 

•mage analysis was performed using Ludesi REDFIN v3 software (Kafoo Group, Sweden). The gel 

image from analysis of pooled samples was used as a reference for warping and spot matching. 

Approximately 20 manual warping anchors were applied to all gels prior to automatic alignment.
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Spot borders and locations were manually refined to ensure accurate location and spot matching prior 

to sPot selection. Spots which had FC>1.5 and significance p<0.05 (ANOVA) in normalized 

intensities ol'24hr or 48hr infected cells relative to control cells were selected for subsequent MS/MS 

analysis to facilitate protein identification.

2.2.10 In-Gel protein spot digestion

Gel spots were excised using a Gelpal spot cutter (Genetix) operating inside a fume hood and placed 

into sterile eppendorf vials. Spot, pick, place and purge volumes were 50pl, 50pl and lOOpl of ddFhO 

respectively. In gel digestion was performed using modifications of a previously described protocol 

(Shevchenko et al., 2006). Briefly, ddlLO was removed from eppendorfs and lOOpI 1:1 ammonium 

bicarbonate:acetonitrile (de-staining solution) was added to spots in vials. Following incubation at 

room temperature for 30min, the de-staining solution was removed and replaced with lOOpI 

acetonitrile to dehydrate gel spots. After incubation for 15min at room temperature the acetonitrile 

was removed and 20pl of 13ng/pl trypsin in lOniM ammonium bicarbonate containing 10% (v/v) 

acetonitrile was added to dehydrated gel spots and placed on ice for 90mins to allow trypsin to 

penetrate the gel spots. 20pl of lOOmM ammonium bicarbonate was subsequently added and samples 

placed in an incubator overnight at 37°C for protein digestion. Following incubation the digest was 

removed into a separate sterile eppendorf and lOOpl of 5% (v/v) formic acid/acetonitrile added to each 

tube for maximal peptide recovery. Both digests were combined and evaporated to dryness using a 

MiVac Quattro Concentrator operating under aqueous settings for 4hr at 30°C.

2.2.11 Mass-spectronictry analysis of protein gel spots
2D gel spots were analysed using a Thermo Scientific LTQ ORB1TRAP XL mass spectrometer 

connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Tryptic peptides were 

resuspended in 12pl of a 0.1% formic acid, 2% acetonitrile solution. Each sample was loaded onto a 

Biobasic Picotip Emitter (120mm length, 75pm ID) packed with Reprocil Pur C18 (1.9pm) reverse 

phase media column and was separated by an increasing acetonitrile gradient, using a 19min reverse 

phase gradient at a flow rate of 250nL/min. The mass spectrometer was operated in positive ion mode 

with a capillary temperature of 200°C, a capillary voltage of 31V, a tube lens voltage of 85V and with 

a potential of 1900V applied to the frit. All data was acquired with the mass spectrometer operating in 

automatic data dependent switching mode. A high resolution MS scan (mass range of 300-2000Da) 

was performed using the Orbitrap to select the 7 most intense ions prior to MS/MS analysis using the 
Ion trap.

_______ ______  Chapter 2
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2.2.12 Protein identification

Thermo raw files were analysed using PEAKS Studio version 6 (Bioinformatics Software Inc.). De 

Novo peptide analysis was performed using the Peaks search engine 6.0. Parent mass tolerance and 

fragment ion error were set at 20ppm and l.ODa respectively. A maximum of 3 missed cleavages and 

1 non-specific cleavage were allowed. A fixed Post Translational Modifications (PTM) of 

carbamidomethylation was selected and a maximum of 3 variable PTMs per peptide. The peptides 

were searched against a combined Uniprot Bos Taurus and Bovine Parainfluenza Virus-3 database. A 

false discovery rate of 1% was applied with the requirement of at least 1 unique peptide per protein 

match. Correct identification was only allowed for peptides which corresponded to a protein with 

matching retention time and pi on 2D gels.

2.2.13 Cellular protein functional classification

The Panther database (version 8.1, http://www.pantherdb.org/) was used for functional classification 

of identified proteins. As the Bovine proteome lacks the annotation compared to Human, missing 

functional classifications were determined from human homologues. Where functional classification 

could not be determined using Panther, AmiGO (version 1.8, http://amigo.geneontology.org/cgi- 

bin/amigo/go.cgi) experimental evidence code gene ontology annotations were selected.

2.2.14 Statistical analysis

Two-way ANOVA with post-hoc bonferroni test was applied for the analysis of FCS media content 

and infection in Alamar Blue cell viability and LDH cell cytotoxicity assays. Significantly different 

protein spots were selected using ANOVA within Ludesi Redfin software. Linear and non-linear 

regression for protein quantification and correlation between estimated and identified protein MW and 

pi was performed using Prism Graphpad version 5. SIMCA version 13 (Umetrics) was employed for 

multivariate statistical analysis of spot volumes obtained from 2D GE. Principle component analysis 

was applied to Pareto scaled data, excluding spots with %CV greater than 50%.
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2.3 Results

2.3.1 Determination of stock BPIV-3 titre

TCID50 of BPIV-3 was determined using the Karber formula. 96 well cell culture plates (n=3) 

containing FCL cells grown to monolayer were inoculated with lOpl of BPIV-3 stock serially diluted 

across the plate. The highest dilution for 100% positive cultures was an 8  fold stock dilution. Results 

from 3 replicate plates indicated a TCIDso of 1 0 8 208/ml.

2.3.2 Optimisation of culture conditions for the collection of cell lysates from 

mock/BPIV-3 infected FCL cells
Foetal Calf Serum (FCS) is typically required in culture media to provide essential nutrients and 

growth factors necessary for cell growth and survival. The presence of FCS in culture media can 

impact on downstream proteomic analysis due to the constituents contained within and ideally use 

should be minimised to reduce potential interferences. However, the absence of FCS can cause stress 

to cultured cells and therefore the effect of FCS removal or reduction on cell integrity and viability 

should be monitored. As the removal or reduction of FCS from culture media can potentially impact 

normal cell functioning and act as a stressor, cell viability and the cytotoxic effect of maintenance 

conditions were investigated to ensure sample quality.

2.3.3.1 Investigation of a suitable initial FCL seeding density for Alamar Blue and LDH 

assays
Alamar Blue and LDH assay optimisation was performed to determine the optimum initial seeding 

density of FCL cells which still allows for assay linearity (Figure 2.1). FCL cells w'ere seeded at a 

density of 6.65x105 cells per ml and diluted 2 fold across a 96 well plate and maintained for 24hrs in 

growth media. Alamar Blue and LDH assays showed a departure from linearity at cell concentrations 

higher than 1.68x104 cells per well. Up to this concentration both assays were linear with R2 values of 

0.957 and 0.951 for LDH and Alamar Blue assays respectively. Therefore, a seeding density of 

1 .6 8 .x 1 0 5 cells per ml was used for all viability experiments.

2.3.2.2 Assessment of the FCS concentration in culture media on FCL cells using Alamar 

Blue and LDH assays
Figure 2.2 illustrates the effect of varying FCS concentration (2%, 0.5% or 0%) and/or accompanying 

BPIV-3 infection on FCL cell functioning as determined using (A) LDH cell cytotoxicity and (B) 

Alamar Blue cell viability assays at 24, 48 and 72hrs p.i. Cells grown in maintenance media (2% 

FCS) were employed as positive controls for determining relative cell viability and integrity at each
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time point. FCS cytotoxicity as determined by LDH assay revealed that culture in 0% FCS media at 

24hrs, 48hrs and 72hrs p.i. infection resulted in a significant (p<0.001) increase in cell cytotoxicity 

compared to control conditions. At 72hrs p.i. all FCS media concentrations resulted in significantly 

(p<0.001) increased cell cytotoxicity compared to controls. Cellular viability as determined by 

Alamar Blue assay revealed that culture in 0% FCS media at 24hrs, 48hrs and 72hrs p.i. infection 

resulted in a significant (p<0.001) increase in cell cytotoxicity compared to control conditions. At 

72hrs p.i. all FCS media concentrations resulted in significantly (p<0.001) increased cell cytotoxicity 

compared to controls.

Chapter 2

2.3.2.3 Assessment of FCS concentration in culture media and BPIV-3 infection of FCL 
cells using Alomar Blue and LDH assays
Figure 2.2 illustrates the effect of varying FCS concentration (2%, 0.5% or 0%) accompanying BPIV- 

3 infection on FCL cell functioning as determined using (A) LD11 cell cytotoxicity and (B) Alamar 

Blue cell viability assays at 24, 48 and 72hrs p.i. Cellular cytotoxicity as determined by LDH assay 

revealed that culture in 0% FCS media at 24hrs, 48hrs and 72hrs p.i. infection resulted in a significant 

(p<0.001) increase in BPIV-3 infected FCL cells compared to control conditions. At 48hrs p.i. BPIV- 

3 infection with 0.5% FCS media resulted in a significant (p<0.01) increase in cell cytotoxicity 

compared to controls. At 72hrs p.i. infection with all FCS media concentrations resulted in 

significantly (p<0.001) increased cell cytotoxicity compared to controls. The results from Alamar 

Blue analysis indicated that culture in 0% FCS media at 24hrs, 48hrs and 72hrs p.i. infection resulted 

in a significant (p<0.001) increase in BPIV-3 infected FCL cells compared to control conditions. At 

24hrs and 48hrs p.i. BPIV-3 infection with 0.5% FCS resulted in a significant (p<0.01) reduction in 

cell viability. At 72hrs p.i. BPIV-3 infected FCL cell maintained in 0.5% and 0% FCS media had 

significantly (p<0.001) reduced cell viability relative to control cells.
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(ce lls  per w e ll)
jfiure 2.1: Determination of optimum initial seeding density of I'( L eells lor (A) Alumar 

cell viability and (B) LDII cell cytotoxicity assays. Assays were performed in 96 well 
ae 1 culture plates after 24hrs growth in GMEM (supplemented with 10% PCS, 1% glutamine 
2d ^-1% gentamicin). Cells were initially seeded at a density ot 6.65x10s cells per ml, and
•luted 2 fold across the plate, with 6 replicates per dilution. Data points represent means ±

■’EM.
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ie cellular metabolism and integrity was assessed using (A) LDH and (B) Alamar Blue assays. 
Ssays were only performed up until 72hrs post infection. Cells were seeded at an initial density of 

'•68x10s cells per ml in 96 well culture plates. 24hrs prior to assays the growth media was 
''•moved and replaced with respective serum concentrations (2%, 0.5% and 0%). The groups 
n~12) were analysed in triplicate and results represent mean ± S.E.M. Statistical analysis was 

Pci formed using two-way repeated measures ANOVA with Bonferroni post-hoc test. Significant 
1 'fferences relative to 2% control stage at each time point are indicated with *** p < 0.001.
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2.3.2.4 Assessment of the FCS concentration in culture media on FCL cells using Alamar 

Blue and LDH assays after adaptation for growth in low FCS conditions
Culture of un-adapted FCL in 0% FCS media was observed to result in reduced cell viability and 

increased cytotoxicity. Therefore, FCL cells were adapted to grow in reduced FCS conditions with the 

aim of reducing the stress induced from culture in 0% FCS media. FCS concentration was steadily 

reduced from 2% to 0.5% in successive passages. FCL flasks were passaged at 0.5% FCS containing 

growth media for 2 weeks prior to cell viability and integrity assays. Figure 2.3 illustrates the effect of 

media FCS concentration and BPIV-3 infection on FCL cells adapted to grow in low FCS conditions 

as determined using (A) LDH cell cytotoxicity and (B) Alamar Blue cell viability assays at 24, 48 and 

72hrs p.i. At each respective sampling point the cell cytotoxicity and integrity of adapted FCL cells 

maintained in GMEM with varying FCS concentrations was compared against un-adapted control cells 

maintained in maintenance media. No significant differences were observed relative to non-adapted 

control cells in any FCS media concentrations.

___ Chapter 2

2.3.2.5 Assessment of FCS concentration in culture media and BPIV-3 infection of FCL 

cells using Alamar Blue and LDH assays after adaption for growth in low FCS conditions
The only significant increases (p<0.001) observed in cell cytotoxicity using LDH assay were due to 

BPIV-3 infection, irrespective of FCS media concentration at 72hrs p.i (Figure 2.3A). As with LDH 

assays, Alamar Blue cell viability analysis revealed that infected cells at 72hrs p.i. were the only 

groups to have significantly (p<0.001) reduced cell viability compared to non-adapted control cells 

incubated in maintenance media (Figure 2.3B), indicating that BPIV-3 infection will result in cell 

death between 48hrs and 72hrs p.i. irrespective of FCS media concentration.

2.3.3 1D SDS-PAGE analysis of FCL lysates

Cell lysates from BPIV-3 infected FCL lysates were analysed by ID SDS-PAGE to determine the 

presence of high abundance FCS proteins which would interfere with downstream 2D GE analysis. 

FCL lysates were collected after a period of 24hr culture in FCS free GMEM followed by extensive 

washing to remove residual FCS proteins. The proteins extracted from FCL lysates (from control, 

24hr p.i. and 48hr p.i.) were compared against 0 .1 pg of crude plasma protein using 1D SDS-PAGE on 

4-15% TGX precast gels (BioRad) and silver stained using BioRad silver staining kit to determine if 

sample preparation resulted in a removal of FCS constituents in FCL lysates. A total of 3 biological 

samples per group were analysed to determine sample preparation consistency in removing FCS 

proteins. Figure 2.4 illustrates representative gel profiles of protein lysates obtained from control, 

24hr p.i. and 48hr p.i. FCL cells following analysis by 1D-SDS PAGE. From the results it is clear
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there are no PCS protein constituents visible in FCL - this was observed in all biological replicates 

analysed by ID SDS-PAGE. No FCS proteins were visible in the bands from FCL lysates, indicating 

excellent removal of FCS proteins from culture media. Furthermore, the absence of vertical streaking, 

an indicator of protein degradation from intracellular protease release, highlights an intact proteome 

suitable for downstream proteomic analysis. When observing the FCL lysates at 24hr and 48hr p.i. 

compared to control cells there is a clear difference between infected and control cells in the bands in 

the region 15-20kDa. The only other observable differences were observed in FCL cells at 48hr p.i. 

compared to control and 48hr infected cells is in the region between 20-30kDa as highlighted in Figure 

2.4. There is therefore an observable difference in the intracellular protein profile of FCL cells as a 

result of infection at 24hrs and 48hrs p.i.

____________ ___________________________________  Chapter 2

Figure 2.4: Determination of serum contaminants in FCL lysates by 1D-SDS PAGE. 0.1 pg
of protein was analysed by ID SDS-PAGE on 4-15% TGX precast gels (BioRad) and silver 
stained using BioRad silver stain kit. Sharp prestained protein MW marker was loaded in lane 1 
and fetal calf serum in lane 2. Lanes 3-6 are BPIV-3 infected FCL cell lysates. Lane 3 and 5 are 
control cells and 4 and 6 24hrs post-BPIV-3 infected and 48hrs post-BPIV-3 infection 
respectively. Observable differences between 24hr and 48hr p.i. lysates compared to control 
lysates were visible in the gel regions outlined by red boxes.
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2.3.4 2D GE analysis of FCL lysates

f igure 2.5 illustrates representative gel images obtained following analysis of mock/BPIV-3 infected 

f7CL lysates by 2D GE, demonstrating, as with SDS-PAGE, the absence of visible FCS associated 

proteins (see reference plasma gel image Chapter 1 Figure 1.6). Spots which can be identified visually 

as being significantly different in infected FCL cells compared to controls are indicated. 2D gels 

revealed excellent protein separation and resolution by pi and MW, with an average of 738 spots 

detected from FCL lysate analyses across all gels (Table 2.2). Multivariate data analysis was 

performed with SIMCA-P+ using spot volumes normalized to the total combined intensity of all 

detected spots. Spots which had a high degree of variation (CV>50%) within sample groups were pre- 

nitcred, and on the PCA scores plot separation between the 3 study groups when investigating 

principle components (PC) 1 and 2 as illustrated in Figure 2.6. This variation accounted for roughly 

55% of the variation within the dataset (% PC 1 and % PC 2). The majority of the separation was 

observed on PC 1 and as expected the greatest degree of group separation is observed between control 

and 48hr infected cells, with 24hr infected cells tightly clustered in between the other two groups. 

Significantly (p<0.001) more protein spots were observed in gels from infected cells at 24hrs and 

48hrs p.i compared to control cells. Additionally, significantly (p<0.01) more spots were observed in 

gels from cell lystates at 24hrs p.i. compared to 48hrs p.i. 142 spots were found to have FC>1.5 and 

p<0.05 from one-way ANOVA (performed in Ludesi software), representing an alteration of 19% of 

detectable proteins as a result of BPIV-3 infection. These spots were evaluated manually and 57 spots 

were selected which had high enough spot volumes (greater than 1000) for LC-MS identification.

49



C h a p te r  2

Figure 2.5: Representative images of control and BPIV-3 infected FCL cells at 24hrs and 48brs p.i. Cell lysates from (A) control, (B) 24hr post-BPIV-3 
infection and (C) 48hr post-BPIV-3 infection FCL cells were analysed by 2D Gel Electrophoresis using 13cm pH 3-10 NL IPG strips in the first dimension and 
12.5% SDS-PAGE lab cast gels in the second dimension. Gels were scanned using an Epson v750 Pro scanner and spot matching, warping and statistical analysis 
performed using Ludesi Redfin. Differentially expressed protein spots are indicated with circles on each gel. The 3D spots for the proteins Heat shock 27kDa 
protein 1, Phosphoprotein P and T-complex protein 1 subunit theta are indicated.
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Table 2.2: Number of spots detected for FCL control and BP1V-3 infected cell lysates analysed
by 21) GE. Samples were analysed by 2D GE using 13cm NL pH 3-10 strips in the first dimension 
and 12.5% SDS-PAGE in the second dimension. Gels were scanned using LSB colloidal blue staining 
protocol and image acquisition was performed using Monaco il8  calibrated Epson perfection v 
pro. Gel analysis was performed using Ludesi Redfin.

Gel ID No. Spots Detected
Control 1 727
Control 2 726
Control 3 730
Control 4 725
Control 5 725
Control 6 726
24hr Infected 1 736
24hr Infected 2 735
24hr Infected 3 737
24hr Infected 4 738
24hr Infected 5 736
24hr Infected 6 736
48hr Infected 1 733
48hr Infected 2 734
48hr Infected 3 733
48hr Infected 4 733
48hr Infected 5 734
48hr Infected 6 734

51



Chapter 2

9  Control 
H  24hr Infected 
A 48hr Infected

Figure 2.6: PCA scores plot of BPIV-3 and mock infected FCL lysates at 24hr and 48hrs p.i.
Spots with %CV greater than 50% were excluded. Intensity values for spots were pareto scaled. 
Sample group separation was achieved with PC 1 and 2.
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2.3.5 Identification of differentially expressed protein spots by Liquid Chromatography 

Mass Spectrometry

Table 2.3 illustrates the results from LC-MS analysis of the 57 protein spots which were found to be 

significantly different between infection groups. The sensitive LSB staining method resulted in low 

background whilst maintaining excellent sensitivity and facilitated downstream mass spectrometry 

analysis of excised spots. 57 high quality protein spots (Figure 2.5) having spots volumes sufficient 

were selected for LC-MS identification. The estimated MW and pi of the detected spots were 

determined by matching against a reference gel map for MRC-5 fibroblasts (Rubporn et al., 2009) 

using Progenesis Samespots (Nonlinear Dynamics, Newcastle, UK. Data analysis was performed 

using Peaks Studio (version 6) and 53 proteins spots were able to be identified against a combined 

Uniprot KB Dos taunts and BP1V-3 database. These annotations corresponded to 35 unique proteins 

as a number of isomers of the same protein were detected as indicated by varying estimated pis as 

illustrated in Table 2.3. Surprisingly the only BP1V-3 protein shown to be significantly altered in 2D 

gels was Phosphoprotein P. 9 isomers of Phosphoprotein P were detected, with isoelectric points 

ranging from pi of 5.2 - 5.9. This protein was also the 2nd most abundant protein within the cell at 

48hrs p.i. as indicated in Figure 2.5, with actin having a slightly higher spot volume. Furthermore gel 

spots corresponding to T-complex proteins 1 subunit theta and 14-3-3 protein were significantly up- 

regulated at the later stages of infection and were found in higher abundance within infected cells at 

48hrs p.i. There was a significant (p<0.001) correlation between estimated protein pi and MW and 

database identified pi and MW for the spots analysed by LC-MS as illustrated in Figure 2.7. R2 values 

of 0.9887 and 0.8705 were obtained for MW and pi correlations respectively. This high degree of 

correlation between the estimated pi and MW and the database identifications illustrates the high 

degree of reliability in the identities conferred on selected proteins. All proteins had at least 1 unique 

peptide sequence (i.e. from Blast searching this belongs to no other sequenced protein). The average 

sequence coverage was 26.5%, however, this ranged from 1-89%. 7 proteins had an average sequence 

coverage <10%, and these proteins were either some of the lowest abundance, or highest molecular 

weights.
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Figure 2.7: Correlation between estimated and database identified molecular weight 
(MW) and Isoelectric point (pi) of differentially expressed proteins as a result of 
BPIV-3 infection in FCL cells. Estimated (A) pi and (B) MW were determined by pi 
and MW calibration of landmark proteins using Progenesis Samespots. There was a 
significant (p<0.001) correlation between estimated pi and MW and database identified 
pi and MW for the pots analysed by LC-MS. R2 values of 0.9887 and 0.8705 were 
obtained for MW and pi correlations respectively.
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Tabic 2.3: LC-MS identification of 2D GE spots from BPIV-3 infected FCL cells at 24hr and 48hrs .i. Spots were excised from coomassie stained gels and 
analysed by LC-MS using Thermo XL Orbitrap coupled to a Dionex HPLC system. Spectra were imported into Peaks Studio (version 6), de novo sequenced 
and analysed against a combined UniprotKB Bos Taurus and BPIV-3 sequence database for the identification. Spots were matched based on MW and pi 
calibration from gels. FC = fold change, p = significance (one-way ANOVA).

Description Uniprot I.D Spot
ID

Estimated

MW
Da) P'

MW
(D»l

Pi

Database Identification  

Accession -10lgP C° V(e%r)a " *
Peptides

*
Unique

Comparison to  control 
24hr p.i. 48hr p.i.

FC p FC p

Collagen a lpha-l(lll) chain F1MXS8 BOVIN 358 139000 6 2 0 138928 6 32 F1MXS8 BOVIN 215 04 8 11 11 -18.19 1.15E-02 -38.36 1.03E-02
415 139000 6 10 F1MXS8 BOVIN 222.76 6 8 8 -1541 1 07E-02 -38.53 9 37E-03

Collagen alpha-1{l) chain C O IA I BOVIN 210 138300 5 6 0 138939 5 6 0 C01A1 BOVIN 209.49 10 14 14 -7 94 1 50E-02 *19 58 1.12E-02
359 138200 5 50 C01A1 BOVIN 194 18 8 12 12 -4 2 3 2 05E-03 -6 00 122E-03

Heat shock 27kDa protein 1 E9RHW1 BOVIN 42 23700 6 00 22393 5 98 E9RHW1 BOVIN 221 6 89 26 26 -3 08 1.58E-02 -2 63 2 14E-02
PDZ and LIM domain 1 A6H7E3 BOVIN 509 37600 6 80 35821 6 7 6 A6H7E3 BOVIN 78 37 6 2 2 -2 OS 3.41E-02 -3 37 127E-02
Lipoma-preferred partner E1BM D6 BOVIN 82 66600 7 7 0 65715 7 4 4 E1BMD6 BOVIN 61.6 2 1 1 -3 56 8 65E-03
LIM and SH3 domain protein 1 LASP1 BOVIN 102 31600 7 6 0 29677 7 0 7 LASP1 BOVIN 115 59 14 4 4 -3.21 4.19E-03
Ezrin EZRI BOVIN 264 68000 6 30 68760 6 0 7 EZRI BOVIN 171 82 19 13 13 *3 98 8 54E-03
Proteasome subunit alpha type-5 PSA5 BOVIN 185 25900 4 70 26411 4 7 4 PSA5 BOVIN 71.4 5 1 1 -2 04 408E -02 5.36 1.75E-02
14-3-3 protein theta 1433T BOVIN 2 27000 4 6 0 27764 4 8 0 1433T BOVIN 80 11 21 7 4 -1 9 5 4 84E-03 14.85 1.13E-02
60S acidic ribosomal protein PO RLAO BOVIN 338 34000 6 00 34371 5 7 0 RLAO BOVIN 204.13 31 8 8 -1 7 6 372E-02 2.01 322E-02
Aspartyl aminopeptidase DNPEP BOVIN 132 51700 7 50 51828 6 4 5 DNPEP BOVIN 207 84 27 10 10 1 52 4 55E-02
Fascin Q3MHK9 BOVIN 125 54100 6 6 0 54785 6 50 Q3MHK9 BOVIN 269 33 49 29 29 1.69 1 68E-02
Lamin A7C Q3SZ12 BOVIN 79 63000 6 80 65122 6 5 4 Q3SZ12 BOVIN 19244 27 17 17 2 1 3 3 24E-02
GANAB protein A6QNJ8 BOVIN 330 90000 5 80 109085 5 74 A6QNJ8 BOVIN 15836 11 12 12 2.01 2 29E-02
Tubulin-specific chaperone E TBCE BOVIN 458 61200 6 2 0 59327 5.97 TBCE BOVIN 177 65 21 11 11 2 13 128E-02
Serine hydroxymethyltransferase GLYM BOVIN 419 55000 7 70 55606 6 51 GLYM BOVIN 3 0 2 28 53 24 24 2 2 9 1 32E-03
Annexin A11 ANX11 BOVIN 227 55000 7 7 0 54018 7 5 3 Ai-Odi BOVIN 194 76 34 17 17 1.96 1-36E-02
Moesin M OES BOVIN 318 66500 6 00 67975 5 91 M O ES BOVIN 133 2 11 9 9 1.75 351E-03 1.73 9.37E-03
Eukaryotic translation initiation factor 2 subunit 1 F2A BOVIN 573 36000 4 80 36108 5 02 F2A BOVIN 2 1 7 2 9 29 10 10 1 76 2.91 E-02 2.30 3 00E-03
L-caldesmon Q8HYY3 BOVIN 110 67800 6 1 0 62086 6 2 4 Q8HYY3 BOVIN 232 35 29 17 17 1 6 3 120E-02 1 84 6.81E-04
O steo c la s C s tim u la tin g fa a o ? ^ _ OSTF1 BOVIN 40 23700 5 2 0 23842 5 30 OSTF1 BOVIN 129.72 15 3 3 2 7 4 7 81E-0; 10 08 7.84E-03
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Table 2.3: Continued...

Spot
ID

Estimated Database Identification Comparison to control
Description Uniprot I.D M W

Da) Pi
M W
(Da) Pi Accession -10lgP Coverage

(%>
#

Peptides
*

Unique

Z4hr p.i. 

FC p

48hr p.i. 

FC p

T-complex protein 1 subunit theta TCPQ_BOVIN 138 57900 5 4 0 59610 5.39 TCPQ BOVIN 165.76 12 7 7 5.37 2.62E-06 j 14.22 2  59E-03
TCPQ BOVIN 133 58300 5 4 0 59610 TCPQ BOVIN 259.08 39 19 19 2.85 5.23E-03 10.72 1 10E-02
E 5LP67PI3B 27 68100 5.20 67770 E5LP67 PI3B 317.64 35 29 19 8.73 8 76E-05 43 66 1 63E-03
E5LP67 PI3B 182 68200 5.70 67770 E5LP67 PI3B 235.92 28 19 1 12.89 3.45E-05 19.22 9.17E-03
E5LP67 PI3B 92 68100 5 6 0 67770 E5LP67 PI3B 330.89 46 34 5 13.91 1 55E-03 32.23 1 90E-03
E5LP67 PI3B 44 68000 5 3 0 67710 L0HCM6 PI3B 2 5 8 6 8 27 18 0 17.79 497E-05 70.50 1 91E-03

BPIV-3 Phosphoproteln P E6LPS7 PI3B 47 68000 5.40 67770 5 58 E5LP67 PI3B 35671 37 30 21 39.26 1.62E-04 115.92 1 88E-03
B2C5X6 PI3B 401 67100 5.70 66460 B2C5X6 PI3B 2 0 0 25 13 8 1 52.55 1 25E-04 142.08 7.15E-03
E5LP67 PI3B 819 67700 5.20 67770 E5LP67 PI3B 308 16 47 35 5 4.16 3.77E-04 30 94 1 57E-02
E5LP67 PI3B 255 67400 5 9 0 67710 L0HCM6 PI3B 61.73 1 1 1 1.57 3.42E-02 2.28 2.75E-04
E5LP67 PI3B 235 68100 5.80 67770 E5LP67 PI3B 248 51 25 15 15 2.70 146E-04 4.02 1.96E-04

Protein disulfide-isomerase A3 A5D7E8 BOVIN 333 58000 5.70 56930 5 78 PDIA3 BOVIN 76.9 6 3 3 2 0 8 8 76E-03 13.32 1.26E-02
A5D7E8 BOVIN 25 56800 6 4 0 56930 A5D7E8 BOVIN 347 62 42 42 2.93 2 35E-02

Annexin I6YIV1 BOVIN 16 37300 6 3 0 38992 6 37 I6YIV1 BOVIN 309 26 62 27 27 2 95 7 07E-03
Non-muscle myosin heavy chain 002717 BOVIN 48 72400 5 2 0 72371 5 02 002717 BOVIN 354.67 52 41 2 5 07 7 08E-03
Nucleophosmin E3SAZ8 BOVIN 57 32200 4 70 32201 4.20 E3SAZ8 BOVIN 176 18 27 6 6 2 82 2.19E-02
6-phosphogluconolactonase F1M M 83 BOVIN 62 28200 5.40 27531 5.57 F1MM83 BOVIN 150 98 15 3 3 4.02 8 53E-03
14-3-3 protein beta/a lpha 1433B BOVIN 111 26600 4.70 28081 4.80 1433B BOVIN 112.17 17 4 2 6.60 2.16E-04
Cystathionine qam m a-lyase E1BNH2 BOVIN 134 40100 6 1 0 44363 6 0 1 E1BNH2 BOVIN 153 36 22 8 8 1 29 4  97E-02
Phosphoserine phosphatase SERB BOVIN 158 24900 5.20 24850 5 2 0 SERB BOVIN 164.75 27 6 6 2 37 1 82E-02
Heat shock 70 kDa protein HS71B BOVIN 

HSP7C BOVIN
5

166
64600
64900

5 2 0
5 2 0

70229
71241 5.20 HS71B BOVIN 

HSP7C BOVIN
336 85 
322 6

42
47

35
29

21
18

2.16 7.84E-03 
2 38 1 78E-02

Proteasome subunit beta type F1MBI1 BOVIN 272 27300 6.10 29996 6 4 4 F1MBI1 BOVIN 169 83 34 11 11 1.58 4  63E-03
Calponin-3 CNN3 BOVIN 357 36000 5.40 36358 5 4 2 CNN3 BOVIN 182 15 26 7 7 1 65 1 41E-02
Isodtrate dehydroqenase fNAD] subunit a lpha IDH3A BOVIN 481 39300 5 80 39668 5 80 IDH3A BOVIN 77 86 5 2 2 1 68 2 99E-02
Eukaryotic translation initiation factor 6 IF 6 BOVIN 532 25900 4 6 0 26513 4 6 0 IF6 BOVIN 171 54 22 4 4 3.16  1 61E-02
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Table 2.4: Classification of: biological processes, m olecular functions and subcellular locations o f  the  identified differentially expressed proteins. The
Panther database (version 8.1, http://www.pantherdb.org/) was used for functional classification o f identified proteins. Where functional classification cou Id not 
be determined using Panther, AmiGO (version 1.8, http://amigo.geneontology.org/cgi-bin/amigo/go.cgi) experimental evidence code gene ontology annotations 
were selected. Subcellular location was determined from Uniprot KB annotation. As the bovine reference database is small, where annotation was not possible 
human homologues substituted.

Description Spot ID R elationship to  control 
24hr p .i. 48hr p.i. B iological process M olecu lar function S u bcellu lar Location

Collagen a lp h a -l(lll) chain  
C ollagen a lpha-l(l) chain

358;415
210;359

DOW N
DOW N

DOW N
DOW N

Receptor activity: extracellular matrix structural 
constituent: transmembrane transporter activity

Macrophage activation: blood circulation;intracellular 
protein transport: receptor-mediated endocytosis: Secreted; extracellular matrix

Heat shock 27kDa protein 1 42 DOW N DOWN Structural molecule activity
Immune system process:muscle contraction: visual 
perception: sensory perception; protein folding, 
response to stress

Cytoplasm; cytoskeleton; nucleus

PDZ and LIM dom ain 1 509 DOW N DOW N Structural constituent of cytoskeleton; 
transcription factor activity, actin binding

Muscle contraction; regulation of transcription from 
RNA polymerase II promoter, cell motion, mesoderm 
development: cellular component morphogenesis; 
heart development; muscle organ development

Cytoplasm; cytoskeleton

Lipom a-preferred partner 82 DOWN Structural constituent of cytoskeleton: protein 
binding: kinase regulator activity

Mitosis: cell motion: mitosis; signal transduction: 
mesoderm development, cellular component 
morphoqenesis; muscle orqan development

Nucleus, cytoplasm, cell membrane

L IU  and SH3 dom ain protein 1 102 DOWN Structural constituent of cytoskeleton; actin 
binding Muscle contraction Cytoplasm; cytoskeleton

Ezrln 264 DOW N Structural constituent of cytoskeleton Cellular component morphoqenesis Cell projection: cytoskeleton
Proteasome subunit a lpha type-5 185 DOW N UP Peptidase activity Proteolysis Cytoplasm nucleus
14-3-3 protein theta 2 DOW N UP Siqnal transduction Cell cycle; siqnal transduction Cytoplasm
60S acidic ribosomal protein PO 338 DOW N UP Structural constituent of ribosome: nucleic acid 

binding Translation Cytoplasm; nucleus

Aspartyl am inopeptidase 132 UP Proteolysis Aminopeptidase activity: metallopeptidase activity: 
zinc ion bindinq Cytoplasm

Fascin 125 UP Structural constituent of cytoskeleton: actin 
binding Cell motion Cytoskeleton; cell projection

Lam in A/C 79 UP Structural constituent of cytoskeleton Cellular component morphoqenesis Nucleus

GANAB protein 330 UP Glucosidase activity Polysaccharide metabolic process; monosaccharide 
metabolic process; protein modification process

Endoplasmic reticulum; golgi 
apparatus

Tubulin-specific chaperone E 458 UP Post chaperonm tubulin folding pathway; protein «  „ . ..  . . .  A . .. 3 3 r  Cellular component morphogenesis folding- protein metabolic processes Cytoskeleton

Serine hydroxymethyftransferase 419 UP Methyftransferase activity
Nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; cellular amino acid metabolic 
process

Mitochondrion

A nnexin A11 227 UP Calcium ion binding calcium-dependent 
phospholipid binding

Synaptic vesicle exocytosis; intracellular protein 
transport calcium-mediated signaling fatty acid 
metabolic process: cell motion

Cytoplasm; nucleus
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Table 2.4: Continued...

Description Spot ID R elationship to  control 
24hr 48hr Biological function M olecu lar function S ubcellu far Location

Moesin 318 UP UP Structural constituent of cytoskeleton Cellular component morphogenesis Cell membrane; cytoplasm; cell 
projection

Eukaryotic translation initiation  
factor 2 subunit 1 573 UP UP Translation factor activity, nucleic acid binding; 

translation initiation factor activity Translation Cytoplasm: nucleus

L-caldesmon 110 UP UP Structural constituent of cytoskeleton: actin 
binding Mitosis; cellular component morphogenesis Cytoskeleton

Osteoclaststi mu latinq factor 1 40 UP UP Signal transduction SH3 domain bindinq Cytoplasm
T-com plex protein 1 subunit theta 138;133 UP UP Protein folding Protein folding; protein complex assembly Cytoplasm; cytoskeleton

BPIV-3 Phosphoproteln P
27;182;92;44;47
;401;819;255;23

5
UP UP Viral genome replication; transcription DMA - 

dependent RNA-binding; RNA-directed RNA polymerase activity NA

Protein disulfide-isonierase A3 333;25 UP UP Protein disulfide isomerase activity Protein modification process Endoplasmic Reticulum

A nnexin 16 UP Calcium ion binding: calcium-dependent 
phospholipid binding

Synaptic vesicle exocytosis: intracellular protein 
transport;exocytosis: calcium-mediated signaling: 
fatty acid metabolic process; cell motion

Cytoplasm: nucleus

Non-muscle myosin heavy chain 48 UP
Motor activity;structural constituent of 
cytoskeleton protein binding small GTPase 
regulator activity

Muscle contraction; sensory perception, intracellular 
protein transport; vesicle-mediated transport; 
cytokinesis; cell motion; mitosis; intracellular 
signaling cascade; cellular component 
morphogenesis; mesoderm development; muscle 
organ development

Cytoplasm: cell membrane

Nucleophosmin 57 UP Intacellular protein transport: nucleasome and 
ribosome assembly: viral reproduction rRNA metabolic process Nucleus, cytoskeleton

6 phosphogluconolactonase 62 UP Hydrolase activity Pentose-phosphate shunt Cytoplasm

14-3-3 protein beta/alpha 111 UP Protein binding, innate immune response 
apoptotic process; activation of M APKK activity Cell cycle: signal transduction; protein binding Cytoplasm

Cystathionine qam m a-lyase 134 UP Lyase activity Cellular amino acid metabolic process Cytoplasm
Phosphoserine phosphatase 158 UP Phosphatase activity Cellular amino acid biosynthetic process Cytoplasm

H eat shock 70 kOa protein 5;166 UP
Immune system process: protein folding 
protein complex assembly: response to stress, 
protein complex biogenesis

Hsp70 family chaperone Cytoplasm

Proteasome subunit beta type 272 UP Proteolysis Peptidase activity Cytoplasm
Calponin-3 357 UP Muscle contraction Structural constituent of cytoekeleton; actin binding Cytoskeleton

Isocitrate dehydrogenase [NAD] 
subunit alpha 481 UP

Generation of precursor metabolites and 
energy; carbohydrate metabolic process 
tricarboxylic acid cycle

Oxidoreductase activity Mitochondria

Eukaryotic translation initiation  
factor 6 532 UP Translation regulation of translation Translation initiation factor a c tiw t^ _ Cytoplasm
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2.3.6 Functional classification of differentially expressed proteins as a result of BPIV-3 

infection in FCL cells

Functional classification of the differentially expressed proteins was determined to greater understand 

the reasons for their altered abundance and infer a possible mechanism by which the host cell responds 

to BPIV-3 infection. Table 2.4 illustrates the functional classification (i.e. biological processes and 

molecular function) of the identified proteins determined using the Gene Ontology tools: PantherDB 

and AMIGO. As the Bos taurus reference database lacks the annotation of Homo sapiens, human 

homologues were searched in instances where functional annotation could not be returned for bovine 

proteins. Sub-cellular location was determined by Uniprot KB annotation and can be observed for 

individual proteins in Table 2.3 and as a proportion of all proteins differentially expressed proteins in 

Figure 2.8. The majority of proteins had either cytoplasm, nuclear or cytoskeletal sub-cellular 

location, with a small number originating from organelles. Only collagen alpha 1 v/as found to exist 

in the extracellular matrix as a secretory protein.

Figure 2.9 and Figure 2.10 illustrate the biological processes and molecular functions of 

differentially expressed proteins respectively. When the differential relationships of altered host- 

proteins were analysed for functional classification it is clear that the majority of up-regulated proteins 

are involved in metabolic, cellular and developmental processes, and on closer inspection these 

proteins have key roles in mRNA translation, protein synthesis and post-translational modification as 

well as intracellular protein transport. Furthermore, the only proteins involved in immune system 

processes were Heat shock proteins 27kDa and 70kDa. Down-regulated proteins were associated with 

a wide range of biological processes, however, 33% of the molecular functions were associated with 

structural molecule activity and upon closer inspection of Uniprot KB annotation these proteins were 

involved in maintaining cellular, sub-cellular and extra-cellular structures.
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Figure 2.8: Subcellular location of differentially expressed FCL cell proteins as a result of 
BPIV-3 infection. Subcellular location was determined from UniprotKB annotation for the 
proteins selected by 2D GE and identified by LC-MS. As the bovine reference database is 
small, where annotation of subcellular location was not possible human homologues 
substituted.
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Figure 2.9: Biological Processes of differentially expressed proteins as a result of BPIV-3 
infection in FCL cells. Analayis of Biological Processes of differentially expresses proteins as a 
result of BPIV-3 infection was determined from Gene Ontology analysis performed using gj 
Panther DB (and AMIGO where no annotation was available). As the bovine reference database 
is small, where annotation of subcellular location was not possible human homologues 
substituted.
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Up-regulated
motor activity 

4%

Down-regulated translation

Figure 2.10: Molecular Function of differentially expressed proteins as a result of BPIV- 
3 infection in FCL cells. Analayis of Molecular Function of differentially expresses proteins 
as a result of BPIV-3 infection was determined from Gene Ontology analysis performed using 
Panther DB (and AMIGO where no annotation was available) As the bovine reference ^  
database is small, where annotation of subcellular location was not possible human 
homologues substituted.



2.4 Discussion
BPIV-3 is one of f t .  major viral pathogens involved in .he BRD complex (Ellis. 201(1) causing

damage ,o respiralory tract and hnn,.„»suppressing animals allowing for the establishment of

haclerial infection with the development of bacterial pneumonia (Cusack et a l, 2003). Vaccination

against the viral pathogens is employed to manage the disease but with limited success as vaccinated

animals can still become infected with each seasonal outbreak. I. is widely accepted that more rapid
, , ,  . Qn(iv in the management of BRD viral inlectionsdiagnosis of infected animals would significantly c

(McVey, 2009, Stanton, 2009, Fulton. 2009. Fulton and Confer. 2012). In particular, the detection of

protein markers released from Infected cells or diseased tissue using rapid diagnostic screening
„f damaize to the respiratory tract and offer the methods could help identify the early stages ot damage

opportunity for prophylactic antibacterial treatment to minimise the chances of progression to more 

severe clinical disease. Altered pos.-translational modilications or truncation of host intracellular
infpcted cells could be employed for diagnosticproteins resulting from disease manifestations in

• * • n tulc stll(iv ?D Gel Electrophoresis proteomic analyses wasmonitoring of infection using bio-fluids. In this study i

applied to assess the intracellular effects of BPIV-3 infection on FCL cells, and in doing so identify

potential protein markers of DPI V-3 infection for use in animal disease diagnostic applications.
_ , „„timkntinn of cell culture conditions for the collection ofInitial investigations focused on the optimisation ot ecu

/r'/'M \ K/cntps FCS is often supplemented into culture media to control/infected Foetal Calf Lung (FCL) cell lysates, is one r t
provide the necessary macromolecules (e.g. carrier proteins, hormones and growth factors

(Os,raun,haler, 2003)) required for growth and maintenance of cell populations. However, FCS

addition can negatively impact downstream pro.eomic analyses (Bunkenborg e, al.. 2010) as high
, , . , „..tnntinl nrntein markers in 2D GE and increase the chances ofabundance FCS proteins can mask potential protein mauve. =

generating false positives. The use of extensive cell washing to remove residual FCS proteins (Dowell 

et al.. 2009 Pellitteri-Hahn e. ah, 2006) thereby reducing such interferences can impact on the 

metabolic activity and viability of cells (Higa e. ah, 2008) which are already compromised b , the 

stress conditions associated with the actual viral infection. Performed studies revealed that without 

Prior adaption to growth in a low FCS environment, cells (with or without BPIV-3 infection) cultured 

in 0% FCS for a period of 24hrs exhibited significantly reduced cell viability and elevated cytotoxic 

effects. FCL cells were therefore adapted to grow in media containing 0.5% FCS. This adaption 

allowed for maintenance in 0% FCS at 24hrs and 48hrs p.i. without inducing significant cytotoxic 

effects or reductions in viability of cultured cells. Maintenance beyond 48hrs p.i. was not possible due 

to extensive cell lysis as a result of infection, this is not unexpected as peak BPIV-3 litre in vivo has 

been demonstrated previously to occur as early as 4 days post infection (Ellis, 2010). Lysates from 

FCL cells adapted and maintained under these developed conditions when analysed subsequently by 

ID SDS-PAGE and 2D GE were found to contain no visible FCS constituents.

Chapter 2
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Following optimisation of the in vitro BP1V-3 infection model in fCL cells, the model was 

scaled-up to 375ml culture flasks to allow for the collection of sufficient material for proteomic 

analysis. Lysates taken front mock and BPIV-3 infected FCL cells were investigated by 2D Gel 

Electrophoresis to assess the changes in the host cell proteome as a result ot Bl IV-3 infection. 2D Gb 

analysis of obtained cellular lysates illustrated a number of the high abundant proteins found to be up- 

regulated by BPIV-3 infection that occurred in the 15-30kDa range, comparative to those findings 

observed by ID SDS-PAGE. 37 unique proteins were identified by mass spectrometry from the 57 

significantly altered in infected cells. Excellent correlation was observed between the estimated MW 

and pi of extracted gel spots and the MW and pi ol their identifications. Furthermore, all ol the 

identified proteins had at least 1 unique peptide sequence, as well as the majority having good 

sequence coverage, as illustrated in Table 2.3.

Gene Ontology (GO) annotations for proteins provide information on the observed biological 

process and molecular functions for which the proteins are involved (Ashburner et al., 2000). 

Furthermore, sub-cellular location annotations provide information on the subcellular location in 

which the proteins are active. This information can be analysed to understand the functional roles of 

groups of differentially expressed proteins within an investigated in vino disease model. In this study 

the GO annotations were analysed using Panther Database tool and AMIGO in conjunction with 

Uniprot KB annotations to select potential protein markers for early BPIV-3 infection in vivo and to 

greater understand the effects of BPIV-3 infection in host cells. Collagen alpha 1 was the only 

secretory protein significantly altered (maximal decreased told change of 38.53 at 48hr p.i. relative to 

controls) as a result of BPIV-3 infection. In fibroblasts collagen constitutes the majority of the 

extracellular matrix (Varga and Jimenez, 1986) and is important in maintaining cross-links between 

neighbouring cells. The down-regulation of collagen has been observed in viral infected cells 

(Macarak et al., 1985) and is thought to arise from the inability of viral infected cells to produce high 

molecular weight proteins with high turnover rates. However, as upregulated proteins within BPIV-3 

infected cells may be detectable when released from dead cells in vivo, the down-regulation of 

collagen makes it is unlikely to be useful as a diagnostic marker of infection. Subcellular location of 

the remaining differentially expressed proteins showed that the majority were contained within the 

cytoskeleton, followed by the nucleus and then cytoplasm. This is not surprising as the biological 

process that the altered proteins were involved in were mainly associated with maintenance of cell 

structure, transport, and developmental and metabolic processes. Furthermore, as BPIV-3 has a 

cytoplasmic based life-cycle the alteration of proteins in a number of organelles and differing sub

cellular locations indicates the extensive effect that viral infection has on host cell processes.

The biological processes that the identified differentially expressed proteins arc involved in 

are highlighted in Table 2.4 and provide a greater understanding of the intracellular effects of BPIV-3 

infection in FCL fibroblasts. Proteins which were down-regulated as a result of BPIV-3 infection 

(collagen alpha 1, Heat shock 27kDa protein 1, and PDZ and LIM domain protein 1) at 24hs and 48hrs

Chapter 2
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increased Heat Shock 70kDa protein in the nucleus of RSV infected A549 cells (Brasier et al., 2004). 

A number of these studies observed altered protein relationships which conflict with our findings, 

Particularly with the proteins associated with protein synthesis: Eukaryotic translation initiation factors 

nnd T-complex protein 1. Munday et ah, observed significant down-regulation of Eukaryotic 

translation initiation factors I and 5A-1 and Ternette et ah, Eukaryotic translation initiation factors 1 A, 

2B and 4E (Munday et ah, 2010a, Ternette et ah, 2011, Munday et ah, 2010b). In contrast to these 

findings Ternette observed a significant increase in Eukaryotic translation initiation factor 3 (which 

shares the function of factor 6 which was up-regulated in infected animals in this study) (Ternette et

ah, 2011).

It has been suggested that replication of viral mRNAs occurs in a competitive manner with 

host cell mRNA (Lopez-Lastra et ah, 2010). Paramyxoviruses are able to overcome intracellular 

defence mechanisms (dsRNA-depenent Protein Kinase Pathways (PKR) (Gale and Katze, 1998, 

Garcia et ah, 2006)) which shut down host cell protein production (Gainey et ah, 2008, Komatsu et ah, 

2007). This is observed from the large increase in host cell proteins in BPIV-3 infected FCL cells in 

°ur study. In the paramyxovirus Simien Virus 5, this is thought to be mediated by Phosphoprotein P 

(Gainey et ah, 2008), and may explain why Phosphoprotein P is up-regulated to such an extent in viral 

infected cells compared to other viral proteins. In order to initiate mRNA translation Eukaryotic 

translation initiation factors (Lopez-Lastra et ah, 2010) are required to assist ribosomal bindings to 

■nRNA. PI-3 does not induce complete shut-down of host protein synthesis and therefore must 

compete with host mRNA for ribosomal synthesis. Therefore, with BPIV-3 infection we would expect 

(as observed) an increase in the abundance of proteins associated with mRNA translation. This would 

also explain the up-regulation of 60s acidic ribosomal protein pO, and nucleophosmin (which is 

associated with ribosome biogenesis (Yu et ah, 2006)) in our study. Along with Eukaryotic translation 

initiation factor, increased production of viral proteins would require an increase in the production of 

proteins associated with protein synthesis (translation, folding and post-translational modification). 

Heat shock 70kDa protein has been demonstrated to inhibit the aggregation of misfolded proteins 

(Hartl and Hayer-Hartl, 2002), and the study by Brasier et ah, suggested that the increased Heat shock 

70kDa protein levels in RSV infected cells may be due to a viral adaptive response to prevent the 

aggregation of RSV structural proteins during replication (Brasier et ah, 2004). Furthermore, the up- 

regulation of GANAB, involved in cleaving precursors of immature glycoproteins, suggests a possible 

role in aiding the production of BPIV-3 glycoproteins: I IN and F. The chaperone T-complex protein 1 

and Protein Disulphate Isomerase A3 (involved in catalysing cysteine bond formation) could be up- 

regulated to aid in the folding of viral structural proteins. P PM of viral proteins by a number of host- 

peptidases could be mediated by the observed up-regulation of Proteasome subunit alpha/beta and 

aspartyl aminopeptidases. Intact BPIV-3 virons are released from infected cells by budding (Ellis, 

2010) and the up-regulation of Annexin, which functions as a calcium phospholipid binding proteins 

membrane fusion and exocytosis. Annexins have been found inside influenza virons, which like
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BPIV-3 are released from infected cells by budding (Shaw et al., 2008) and a role of Annexin A ll in 

HIV virus assembly has also been proposed (Ryzhova et al., 2006). The up-regulation of Annexin 

could be employed for assisting trafficking of viral proteins to the plasma membrane and budding.

In this study only one differentially altered protein was detected in infected cells which 

originated from BPIV-3, Phospoprotein P. The spots corresponding to Phosphoprotein P were present 

only in infected cells (although spots from control cells resulted in background staining, and therefore 

did not observe an infinity fold change in infected cells). The spot intensities also increased from 

2dhrs to 48hrs p.i. indicating an accumulation of the protein within the cell. Phosphoprotein P is 

involved in the assembly of the viral RNA polymerase complex necessary for translation of negative 

sense single stranded RNA to the mRNA encoding viral proteins. In the 2D GE study by Hastie et al., 

2012 cell lysates from A549 (adenocarcinomic human alveolar basal epithelial cells) infected with 

Human RSV showed an up-regulation of the viral proteins (P, M, and NS1 (non-structural protein of 

RSV not present in BPIV-3) (Hastie et al., 2012). The P protein was also one of the most highly 

abundant proteins observed in their gels, conclusive with our findings. LC-MS based SILAC 

experiments, however, were able to observe the majority of structural proteins from RSV (Ternette et 

al., 2011, Munday et al., 2010b, Munday et al., 2010a). These studies did not report their quantitative 

measurements of intracellular protein levels. It is possible that not all Phosphoprotein P protein is 

incorporated into intact virons as they bud. If not all P is incorporated into intact virons it may serve 

as a diagnostic marker released into circulating bio-fluids from dead cells.

The selection of potential infection markers from in vitro BPIV-3 infection models offers the 

potential for earlier diagnosis of viral infections in vivo. This study was successful in selecting the 

proteins: Phospoprotein P, T-complex protein subunit theta and 14-3-3 protein beta/alpha for further 

analysis in an in vivo infection study (chapter 6). These proteins were significantly accumulated in 

infected cells at the later stages of infection (48hr p.i.) and therefore will be released from the cells as 

they die (which has been shown to occur between 48hrs p.i. and 72hr p.i.). In chapter 6, relative 

quantification of these unique peptides generated from these proteins by trypsin digestion will be 

performed to assess their levels in plasma of BPIV-3 infected calves. It is possible that these markers 

could be employed for early infection monitoring in plasma, which could aid in the management of 

BPIV-3 infections providing a greater window for prophylactic treatment to prevent the development 

of more severe bacterial infections as well as giving a good clinical status of the overall herd health 

during outbreaks of respiratory disease on farm. From the analysis of the biological processes and 

molecular functions of the differentially expressed proteins a method has also been proposed by which 

BPIV-3 is able to subvert the host intracellular machinery for the replication of its genome and 

proteins.
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2.5 Conclusions

From the findings it is apparent that BPI V-3 infection in fibroblasts impacts on a range of intracellular 

effects, in contrast to epithelial cells where infection largely results in the shut-down of host-cell 

protein production and induction of apoptosis. BP1V-3 infection was found to induce the up- 

regulation of a number of intracellular host-proteins associated with mRNA translation, protein 

translation, post-translational modification and cellular protein trafficking. These observations suggest 

that fibroblasts respond to BP1V-3 infection by increasing the production of proteins to combat the 

competitive effects of viral mRNA and the associated demand for protein folding and protein 

modification. Furthermore, the down-regulation of key intra- and extra-structural proteins indicates 

how BPIV-3 infection induces changes in cell morphology. Unfortunately no up-regulated secreted 

proteins were detected which could be applied as diagnostic markers for infection in vivo. However, 

we observed a significant up-regulation in the viral protein, Phosphoprotein P and host-proteins T- 

complex protein 1 subunit theta and 14-3-3 protein beta/alpha. As these proteins were found to be 

significantly elevated within infected cells during the later stages of infection it is likely that they will 

be released into circulating bio-fluids upon cell death. In future chapters it will be determined whether 

these markers can be detected in the plasma of BPIV-3 infected calves using targeted Liquid 

Chromatography-Mass Spectrometry methods of quantification.
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Chapter 3 -  Identification of immune response markers through 

metabolomic profiling of plasma from vaccinated animals
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3.1 Introduction

the vaccination of farm animals against endogenous and emerging pathogens is important not only to 

ensure animal health, but also to reduce the costs associated with disease losses. Successful vaccination 

results in the production of specific T and B cell effector immune responses that assist in the control of 

the infection within the animal. This can results in virus neutralizing antibodies that recognize the 

pathogen along with the generation of an immune memory response allowing recall of the immune 

response on subsequent exposure to the infection. The time taken to assess the performance of new 

vaccines candidates in animal models can be extensive and for some agents and the vaccination regime 

may take several months to develop an appropriate immune response, with animal trials requiring many 

months (capacity to stimulate an immune response) or years (vaccine protective effect upon wild virus 

challenge) to complete before study results can be obtained (Zamani et al., 2011). Although the 

expenditure associated with animal vaccine development is not fully disclosed, the estimated budget 

required to develop a single FDA approved vaccine for human studies is estimated in the region of $ 1 - 

2 billion (Light et ah, 2009). The majority of these costs are attributed to the high failure rate, with only 

1 in every 10,000 vaccine formulations gaining approval by the FDA (Oyston and Robinson, 2012). 

file majority of early vaccine development studies in animals are performed in mice models which can 

have significantly differing immune systems than the final intended target species for use (Oyston and 

Robinson, 2012), and in progressing to the target animal in further trial studies candidates may have 

poor efficacy (Agnandji et ah, 2011) or fail to induce immune protection at all (Tameris et ah, 2013) as 

there are many factors involved such as the age and maturity of the immune system in young animals, 

the vaccine delivery route and the presence of maternally derived antibodies. Expenditure associated 

with candidate vaccine development can therefore escalate the further they progress into clinical trials, 

and rapid vaccine screening for appropriate biomarkers in clinical and pre-clinical trials could have a 

major advantage with economic benefits in the vaccine development pipeline.

Current methods for determining viral vaccine effectiveness in mammalian species include 

neutralizing antibody titre (Ploquin et ah, 2013, Galli et ah, 2012), PCR-based detection of viral infected 

tissues at post-immunization challenge (Ploquin et ah, 2013), expression of pro- and anti-inflammatory 

cytokines (Galli et ah, 2012), duration of viral shedding after post-immunization challenge (Skoberne 

et ah, 2013), and mortality/morbidity findings (Martelli et ah, 2013). However, the quantitative analysis 

of pro- and anti-inflammatory cytokines is generally considered to be one of the important indicators 

of vaccine efficacy, but this typically only occurs after preliminary candidate antigen or formulation 

screening (Siegrist, 2008), and may require a number of vaccine and challenges studies to fully elucidate 

the important factors associated with a protective immune response. A greater understanding of not 

only the proteomic responses to vaccination (Adamczyk-Poplawska et ah, 2011, DelVecchio et ah, 

2010), but also the changes at the metabolic level in bio-fluids, such as plasma or serum, may help 

develop early marker identification or screening tests to assess the potential of new vaccine candidates 

and provide additional information to improve the rationale behind vaccine development.
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Untargeted metabolomic profiling refers to the top down global analysis of small molecules or 

"metabolites” typically with molecular weights less than lkDa and is typically performed by Nuclear 

Magnetic Resonance (NMR) or mass spectrometry (MS), with the later offering greater sensitivity. 

Ultra Performance Liquid Chromatography (UPLC) coupled to a highly accurate mass spectrometer 

allows for the separation and determination of elemental composition (and hence the identification) of 

1000s of metabolites in a single sample. As metabolites are often end stage products of biological 

processes their analysis provides a greater understanding of the physiological state of an organism at the 

time of sampling compared to genomic or proteomic analysis. Metabolomic analysis of bio-fluids has 

been found to offer interesting new insights to the understanding of the physiological processes involved 

in disease development and diagnosis (Zhang et al., 2013, Yang et al., 2006, Graham et al., 2013, Xiao 

et al., 2012). However, little emphasis has been placed to date on assessing the metabolomic changes 

induced by immunization procedures and foreign antigen exposure.

This study for the first time reports the metabolomic responses in plasma within calves subjected 

to vaccination with an intranasal vaccine (Pfizer Rispoval® PI3+RSV) composed of the modified live 

viruses Bovine Respiratory Syncytial Virus (BRSV) and Bovine Parainfluenza Virus-3 (BP1V-3). 

BRSV, and BP1V-3 are two of the major viral pathogens involved in the Bovine Respiratory Disease 

(BRD) complex (Cusack et al., 2003). The BRD complex is considered to be one of the most significant 

causes of economic loss in intensively reared cattle worldwide. The associated losses accruing from the 

elevated mortality and poor growth performance of infected animals (Cusack et al., 2003) coupled with 

the need for costly therapeutic interventions have a significant negative impact on farm incomes and the 

annual. This disease complex is estimated to result in an annual total economic loss to the US agri-food 

industry of over $2 billion, with treatment and preventative costs approaching $3 billion (Snowder et 

al., 2007). Whilst vaccination against the infectious agents involved in BRD pathogenesis is currently 

employed to manage the disease (Fulton, 2009, Taylor et al., 2010), it has not significantly reduced BRD 

prevalence or severity. Furthermore, it has been observed that some animals fail to develop immune 

protection despite vaccine treatment, becoming infected with each new seasonal BRD outbreak (Kahrs, 

2001). The aims of the current study were to identify plasma metabolomic markers of the primary and 

secondary immune response in calves to administration of a commercial intranasal vaccine containing 

live modified virus. These metabolomic markers have potential use in the early screening of candidate 

vaccine effectiveness and aid new vaccine design by increasing the understanding of the processes 

involved in immune response development post vaccination.
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3.2 M aterials and methods

3.2.1 Chemicals and reagents

HPLC grade acetone was purchased from Sigma Aldrich (Dorset, UK). LC-MS grade acetonitrile, 

water, methanol and chloroform were purchased from Fisher Scientific (Loughborough, UK). All 

analytical standards for metabolite confirmation were purchased from Sigma Aldrich.

3.2.2 Experimental design and sample collection

All animal studies were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 

with the approval of the AFBI ethical review group. 12 male Holstein Friesian calves aged between 20 

and 25 weeks were divided into two study groups (n=6) and assigned as non-vaccinated and vaccinated 

calves. Non-vaccinated calves were administered with empty poly(lactic-co-glycolic) acid (PLGA) 

nanoparticles prepared using standard double emulsification solvent evaporation technique (w/o/w) by 

Dr Fawad Mansoor (Veterinary Science Division (VSD) at the Agri-Food and Biosciences Institute 

(AFBI), Northern Ireland) (Jeffery et al., 1993). Vaccinated calves were administered with Pfizer 

Rispoval® PI3+RSV intranasal vaccine as per manufacturer’s instructions. Calves were vaccinated at 

day 0 and given a booster vaccination at day 35, and all calves screened weekly for the presence of 

BPIV-3 IgG in blood serum using Svanovir-PI3V-Ab kit (Boehringer Ingelheim Svanovir, Uppsala, 

Sweden), performed by Dr Fawad Mansoor, as per manufacturer’s instructions. Blood haematology 

was performed by the bio-fluid department in VSD at AFBI and rectal temperatures were monitored 

weekly and fortnightly respectively. Serum was prepared from blood drawn by jugular venepuncture 

into 10ml BD Vaccuntainer® glass serum tubes. The blood was allowed to clot at room temperature 

for 30min prior to centrifugation at 2,000g to remove the clot. Samples were stored at 4°C prior to 

analysis. Calves were sampled at days 0, 7, 14, 28, 42, 49 and 63 (post primary vaccination); with 

booster dosage given at day 35. Blood was drawn from the calves by jugular venipuncture into 6ml 

plastic K3 EDTA Vacuette tubes (Greiner bio-one, Stroudwater, UK) and processed to platelet poor 

plasma by the double centrifugation method previously described (Tammen et al., 2005). Briefly, the 

6ml Vacuette tubes were centrifuged at 2,000g at 25°C for 15mins. After centrifugation the upper 

plasma layer was removed with care taken to not disturb red blood cells. A second centrifugation step 

was carried out to remove residual platelets by centrifuging the collected plasma at 2,500# at 25°C for 

15mins. The supernatant was withdrawn (leaving approximately lOOpl around the pellet), dispensed in 

1 ml aliquots into glass crio-vials and stored at -80°C. All samples were processed at random within 2hrs 

of initial blood drawing and stored at -80°C until prior to use.
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3.2.3 Sample preparation

600|i] of plasma was added to 2.4ml of ice cold acetone, vortexed for 30sec and placed on ice for 15min. 

The sample was then deproteinated by centrifugation at 4,000# at 4°C for 20 min. 2.4ml of supernatant 

was removed and dried under nitrogen for 45min at 40°C using TurboVap LV (Caliper Life Sciences, 

Hopkinton, USA). Resulting residue was reconstituted in 50()pl of Ultra-Pure water and Liquid/Liquid 

extraction of lipids performed by addition of 500pi of ice-cold MethanokChloroform (1:1 v/v) and 

vortexing for 30s followed by centrifugation at 16,000# at 4°C for 15min. Liquid/Liquid extraction was 

repeated and after centrifugation 900pl of the aqueous layer was removed and dried under nitrogen using 

TurboVap at 40°C for 45min. The residue was reconstituted in 300pl ultra-pure water and filtered by 

centrifugation at 10,000# at 4°C using 0.22pm Constar Spin-X® Centrifuge Tube Filter for 5mins.

3.2.4 UPLC-MS/MS analysis of bovine plasma
UPLC-MS/MS analysis was performed using an Acquity UPLC system (Walers Corporation, Milford, 

MA, USA) coupled to a XEVO G2 Q-TOF. 8pl of prepared sample extracts were injected onto an 

Acquity UPLC HSS-T3 C l8 column (100mm x 2.1mm i.d., 1.8pm; Waters Corporation, Milford, MA, 

USA). Column and autosampler temperature were maintained at 50°C and 10°C respectively. 

Chromatographic separation was carried out at a How rate of 600pl/min with mobile phase consisting 

of 99.9% FhO/0.1% Formic Acid (A) and 99.9% Acetonitrile/0.1% Formic Acid (B). The elution 

gradient was as follows; 0 -2m in isocratic at 1% of B, 2 -  14.5min linear gradient from 1 - 100% of B,

14.5 -  17min isocratic at 100% of B, 17 -  17.5min linear gradient from 100-1% of B and finally 17.5 -  

20min isocratic at 1 % of B. Mass spectrometry was performed using a Waters Xevo G2 Q-Tof (Milford, 

MA) operating in positive-ion mode (ESI+) with the capillary voltage set to 1500V and the sampling 

cone voltage 30V. The desolvation and cone gas flows were set at 750L/h and lOOL/h respectively. 

Source and desolvation temperatures were 120°C and 400°C respectively. Leucine Enkophalin ([M+H]+ 

= 278.1141 Da, and |M+FI]+ = 556.2771 Da) was used for accurate lockmass calibration during data 

acquisition. Lockmass acquisition settings were: 0.5s scan time, 30s interval, 3 scan average, mass 

window +/- 0.5Da. Collision energy was only applied on function 2, with ramping between 15V and 

30V and centroid data was acquired using positive-ion, resolution mode.

3.2.5 Pre-analysis system validation and analysis run optimization
A test mix of Acetominophen, Sulfaguanidine, Sulfadimethoxine, Val-Tyr-Val, Verapmil, Terfenadine, 

Leucine-Enkephalin, Reserpine and Erythromycin was injected to ensure calibration of mass 

spectrometer mass accuracy and UPLC performance prior to analysis. 84 plasma samples (12 calves at 

days 0, 7, 14, 28, 42, 49 and 63) were split into 3 separate analysis runs (2 calves per group at all time 

points per batch) and analysed in replicate (n=5). Pooled samples (comprising a 10f.il aliquot from all
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study samples) were injected 5 times before the start of each run for column conditioning (Want et al., 

2010) and intermittently throughout the run to validate instrument performance.

3.2.6 Data processing

Total Ion Count (TIC) chromatograms and spectra were acquired with MassLynx version 4.1 (Waters) 

in centroid format and metabolite data was processed using the MarkerLynx software. The MarkerLynx 

method for data extraction and de-convolution was as follows. Ions were extracted from function 1 

using peak detection analysis. The analysis retention time was 0:30min to 14:50min and a mass range 

of 1 OODa to 1200Da. The XIC window for data collection was 0.2Da and apex peak tracking parameters 

were set to automatic with no smoothing. Data collection parameters consisted of an intensity threshold 

(counts) of 500, a mass window of 0.02Da with a retention time window of 0.20mm. A noise elimination 

level of 6 was applied and isotopes were removed. Peak heights for extracted ions were normalized 

against the total peak height of all extracted ions and standardized to a total ion count of 10,000. The 

results were exported in .csv format as a two dimensional data table in which rows and columns 

respectively represented analysed samples and the relative normalized peak heights of each detected 

mass spectrometric signal, i.e. as an Accurate Mass (m/z) and Retention Time (min) Pair (AMRTP).

3.2.7 Validation of UPLC-MS/MS performance prior to initiating sample analysis

Pooled samples (comprising a 10gl aliquot from all study samples) from the start, middle and end of 

each run were processed using MassLynx to determine batch to batch retention time deviation. Mass 

accuracy, inter-run retention time deviation and peak height variation were determined by targeted 

analysis of known metabolites present in bovine plasma. L-tryptophan, L-phenylalanine and 

glycocholic acid were confirmed in plasma using pure standards. Peak top times, peak intensity and 

accurate mass were determined using the identify tool in ChromaLynx. Parameters for the targeted 

identification method are as follows. Function 1 data was analysed by targeted ion confirmation using 

elemental composition of the known standards. Masses in the range of 100-500 Da were screened 

between the retention times of 2-8min with mass accuracy of 0.01 Da, absolute mass tolerance of O.lDa 

and retention time tolerance of 0.1 min. Automatic apex peak tracking was used with no smoothing 

applied and a noise elimination level of 6.

3.2.8 Data analysis

Temporal changes in BPIV-3 antibody titre was analysed using a two-tailed paired T-test, and significant 

differences between treatment groups at sampling stages was assessed using two tailed hetcroscedastic 

T-test. Two separate multivariate statistical packages were used for extracting significant AMRTPs - 

SIMCA version 13.0 (Umetrics, Sweden) and an online data analysis suite for metabolomics data
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MetaboAnalyst version 2.0. For S1MCA analysis, data was pre-filtered to exclude AMRTPs with 

coelf icient of variation greater than 50% in replicate quality control pools. All centroid data were Pareto 

scaled and analysed by unsupervised Principle Component Analysis (PCA) and supervised 

discriminatory analysis by Orthogonal Projections of Latent Structures-Discriminant Analysis (OPLS- 

OA). Unsupervised PCA models were generated at each sampling day to reveal potential relationships 

between treatment groups. Supervised analysis by OPLS-DA was pertormed to reveal potential markers 

of response to treatment in vaccinated calves compared to noil-vaccinated calves at each sampling day. 

Robustness of final OPLS-DA discriminative models was assessed by setting a predictive model of each 

case in which 2/3 of the data (known treatment) was used to predict the remaining 1/3 (unknown 
treatment).

A common issue of marker selection using OPLS-DA involves the over-fitting ot acquired data. 

1 herefore, two further multivariate data analysis methods were used to confirm the selection ot 

AMRTPs by OPLS-DA - Two-way Analysis of Variance (ANOVA), and ANOVA Simultaneous 

Component Analysis (ASCA) - both performed using MetaboAnalyst. Acquired MarkerLynx data was 

exported in .csv format and uploaded as a two dimensional peak intensity table to MetaboAnalyst. Data 

were Pareto scaled and llltered by interquartile range to reduce the amount ot noise. Multivariate data 

analysis was performed by Two-way ANOVA and ASCA to identify significant temporal profiles across 

different empirical conditions. Two-way ANOVA with bonferroni post-hoc test was performed lor 

analysis of peak intensity of selected AMRPTs between study groups at respective study days. Repeated 

measures ANOVA with bonferroni post-hoc test was performed to analyse the temporal changes in 

AMRPT peak intensity between study groups.

3.2.9 identification of AMRTPs

AMRTPs which showed variable differences between non-vaccinated and vaccinated calves groups 

were chosen for further analysis and identification. AMR I Ps were de-convoluted to remove adducts 

and fragment ions and the elemental composition of parent compounds determined in MassLynx using 

both positive and negative mode data. Mass uncertainty was set to 3mDa, odd and even electron state, 

carbon isotope filter o f +/- 5% and elements included were C, H, O, N, P and S. Where applicable Na 

and K adduct elemental composition were determined with the respective element included in the 

analysis parameters. Elemental compositions were searched against PubChem and Chemspider online 

databases, and where possible Function 2 fragments were matched against Metlin, 11MDB or Massbank 
databases. Where fragmentation spectra for the analyte in question was not available, in silico 

fragmentation was performed using Metfrag and Function 2 fragmentation data was validated against 
potential in silico fragments.

Compounds revealed by database matching or in silico fragmentation had their identities 

confirmed against commercial analytical standards by UPLC-MS. Pooled plasma samples and
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individual standards ( 1 pM) were analysed under identical UPLC and mass spectrometric run conditions 

as utilized previously, and metabolite identities confirmed by matching retention time and Function 1 

and Function 2 spectra (including low and high energy fragments and adducts). The results from 

identification using pure standards are illustrated in Appendix Figures 8.1-8.8.

3.3 Results

3.3.1 Haematological and immunological responses to vaccination

Calves were monitored throughout the study to ensure normal health status and assess immunological 

responses to vaccination. The results of BPIV-3 IgG antibody titre screening are shown in Figure 3.1 

in addition to lymphocyte and neutrophil counts obtained from haematology results. Prior to vaccination 

no significant differences in the BPIV-3 IgG antibody titre between study groups were observed (Figure

3.1 A). IgG BPIV-3 antibody titres were significantly elevated (p<0.05) in vaccinated calves compared 

to non-vaccinated calves at days 14, 49, 56 and 63. The BPIV-3 IgG antibody titre in vaccinated calves 

was shown to increase significantly (p<0.05) from days 7 to 14 and significantly (p<0.05) declined until 

day 28 (whilst remaining significantly (p<0.05) elevated compared to day 0. On administration of the 

second vaccine dosage (day 35) BPIV-3 IgG antibody titre increased significantly (p<0.05) from days 

42 to 56, and remained significantly elevated in the vaccinated study group relative to non-vaccinated 

calves until day 63. Figure 3.2 illustrates that rectal temperatures taken fortnightly were within the 

reference parameters 38.3°C to 39.4°C with no significant differences observed between study groups. 

Serum was obtained from all calves to determine weekly IgG anti BPIV-3 sera titres during vaccination 

procedures and to perform routine blood haematology analysis to validate calve health. Figures 3.1 -

3.4 illustrate the results from routine blood haematology analysis. Red Blood Cell (RBC) count, White 

Blood Cell (WBC) count, Hemoglobin content (HG), Mean Corpuscular Volume (MCV), Mean 

Corpuscular Hemoglobin (MCH), Packed Cell Volume (PCV) and Platelet count (PLT) measurements 

for all calves were within the specified reference parameters based on data from Brun-Hansen (Brun- 

I lansen et al., 2006) for calves at corresponding ages which are known to differ from adults. Figure 

3 .IB reveals significantly (p<0.05) higher lymphocyte counts at day 42 (2 weeks post-booster 

immunization) in vaccinated animals compared to non-vaccinated. Furthermore, lymphocyte counts 

were found to rise significantly (p<0.05) from day 14 to 42 and decreased significantly (p<0.05) from 

day 49 to 63. No significant differences were observed in lymphocyte counts in non-vaccinated animals 

throughout the study. Figure 3.1C illustrates that neutrophil counts were significantly higher at day 0 

(p<0.01) and day 14 p<0.05) and significantly lower (p<0.05) at day 42 in vaccinated animals compared 

to non-vaccinated animals. Neutrophil counts decreased significantly (p<0.05) in vaccinated animals 

from day 14 to 42 and increased significantly (p<0.05) in non-vaccinated animals from day 14 to 42. 

Significantly lower (p<0,05) PCV was observed in vaccinated animals at day 21 and higher (p<0.01) at 

day 42 relative to non-vaccinated animals as illustrated in Figure 3.2B. Figure 3.2C illustrated
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significantly lower (p<0.05) at days 7 and 21 in vaccinated animals compared to non-vaccinated. A 

significantly higher (p<0.05) RBC was observed in vaccinated animals compared to non-vaccinated at 

day 42 and lower (p<0.05) platelet count at day 21 as illustrated in Figures 3.3B and 3.3C respectively. 

Finally, significantly lower MCH was observed in vaccinated animals at days 7 (p<0.05), 42 (p<0.05) 

and 49 (p<0.001) as illustrated in Figure 3.4B.

3.3.2 Quality of acquired metabolomic profiling data

A typical Total Ion Chromatogram (TIC) of bovine plasma analysed by UPLC-MS/MS in positive 

ionization mode is shown in Figure 3.5. When observing the acquired chromatograms it is obvious there 

is poor column retention of polar compounds between lmin and 2min. Between 2min and 14.5min 

chromatographic separation is excellent, with no observable overlapping peaks. In order to validate 

instrument performance landmark compounds in plasma (validated using pure standards) were used to 

analyse retention time deviation and mass accuracy between and within batch runs. The retention time 

deviation and mass accuracy of L-Phenylalanine, L-Tryptophan and Glycocholic Acid were determined 

in inter-run quality control pools and are presented in Table 3.1. Mass accuracy was consistent for all 

markers, with a maximum deviation of 2.26mDa. The maximum retention time deviation of peak top 

time was approximately 6 seconds. Maximum retention time deviation was observed with 

phenylalanine which can be accounted for by its wider elution time as illustrated in Figure 3.5A.

Table 3.1: Inter-run quality control parameters for UPLC-MS. Due to large sample number 
analysis was split into 3 separate analysis runs. Peaks corresponding to L-phenylalanine, L- 
tryptophan and glycocholic acid (confirmed by pure standards) were analysed in inter-run quality control 
pools to determine retention time and mass accuracy stability. Retention times of the standards are 
highlighted as well as average mass accuracy (taken from an average of the inter-run quality control 
pools, n=5).

Reference Std.
Retention Time 
Mean Min Max Stdev

Mass Error (ml)a) 
Mean Min Max Stdev

Phenylalanine 2.52 2.48 2.58 0.03 0.24 0 0.83 0.242

Analysis Run 1 Tryptophan 3.64 3.63 3.68 0.015 0.38 0.02 0.93 0.274

Glycocholic Acid 7.74 7.72 7.77 0.013 0.69 0.15 2.26 0.499

Phenylalanine 2.48 2.46 2.49 0.008 0.52 0 1.21 0.318

Analysis Run 2 Tryptophan 3.64 3.63 3.65 0.003 0.43 0.05 0.91 0.259

Glycocholic Acid 7.74 7.74 7.74 0 0.66 0.03 1.83 0.483

Phenylalanine 2.54 2.51 2.58 0.017 0.42 0.02 1.29 0.296

Analysis Run 3 Tryptophan 3.64 3.63 3.66 0.009 0.61 0.12 1.46 0.419

Glycocholic Acid 7.72 7.71 7.73 0.006 0.9 0.06 2.5 0.732
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B Lymphocytes Non-Vaccinated

Neutrophils
Non-Vaccinated

Figure 3.1: Analysis of anti-BPIV-3 IgG titre, lymphocyte and neutrophil percentages in 
serum of animals over the course of study period. (A) Anit-BPIV-3 IgG titre was determined in 
serum samples using Svanovir-PIV3 Ab Kit. (B) lymphocyte and (C) neutrophil counts in serum. 
Signifant differenes are indicated *p<0.05 and **p<0.01. Values indicate mean ± S.E.M.
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Packed Cell Volume B  Non-Vaccinated 
^  Vaccinated

Hemoglobin

S tu d y  Day

Figure 3.2: Analysis of rectal temperature, packed cell volume and hemoglobin in 
serum of calves over the course of study period. (A) Rectal temperature. (B) packed 
cell volume and (C) hemoglobin content in serum. Significant differences are indicated 
*p<0.05 and **p<0.01. Values indicate mean± S.E.M.
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Red Blood Cell Count Non-Vacc mated

W hite Blood Cell Count Non-Vaccinated

Platelet Count ■  Non-Vaccinated

Study Day

Figure 3.3: Analysis of red blood cell count, white blood cell count and platelet count in 
serum of calvess over the course of study period. (A) Red blood cell count. (B) white blood 
cell count and (C) platelet count in serum. Significant differences are indicated *p<0.05. 
Values indicate mean ± S.E.M.
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Mean Corpuscular Volume B Non-Vaccinated

Mean Corpuscular Hemoglobin B  Non-Vaccinated

Figure 3.4: Analysis of mean corpuscular volume and mean corpuscular 
haemoglobincontent in serum of calves over the course of study period. (A) mean corpuscular 
volume and (B) mean corpuscular hemoglobin content in plasma. Reference parameters are 
indicated with dashed lines. Significant differences are indicated *p<0.05 and ***p<0.001.
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figure 3.5: Total Ion Chromatogram of bovine plasma analysed by UPLC-MS/MS in positive 
ionization mode. (A) TIC chromatogram of bovine plasma. Peaks relating to L-phenylalanine, L- 
tryptophan and glycocholicacid are indicated. The percentage of solvent B (99.9% acetonitrile, 0.01% 
formic acid) is indicated on right Y axis). (B) BPI chromatograms of vaccinated calf at day 49 (two 
weeks after booster dosage), and (C) BPI chromatogram of non-vaccinated calf at day 49. 
Representative differences between treatment groups are observable at the peaks at retention times 
5.00 and 7.73mins.

82

%B



Chapter 3

3.3.3 Selection of metabolomic markers of vaccine response via multivariate data analy sis
Representative Base Peak Intensity (BPI) chromatograms of plasma from a vaccinated and non- 

vaccinated calf at day 49 are presented in Figure 3.5. Minor differences between the acquired profiles 

of study groups (e.g. peaks at 5.00min and 7.73min) can be determined by visual examination. 3224 

features were extracted from raw data using MarkerLynx (Waters) and normalized to reduce the effects 

of batch to batch variation in subsequent analysis steps. Untargeted Principle Component Analysis 

(PCA) was performed in SIMCA v 13. The dataset was filtered to exclude variables with a coefficient 

of variation greater than 50% in replicate quality control pools. PCA models were constructed from 764 

AMRTPs, and further divided into sub-models by sampling day. Replicate injections were tightly 

clustered on the PCA scores plot, indicating low inter-run variation in peak intensity. No injections 

were observed as having d-mox twice the d-crit value (possible outliers). The majority of variation 

explained by principle components PCs 1 and 2 was due to variation between the three analysis runs 

(48.3 to 57.1%), and therefore for all stage PCA sub-models only PCs 3 and 4 were investigated. As 

expected no separation was observed between study groups at day 0 pre vaccination when visualizing 

PCs 3 and 4. At days 7, 14, 42 and 49 there was separation on the PCA-scores plot between study 

groups when observing the variation in the data explained by principle components 3 and 4 shown in 

Figures 3.6A, 3.7A, 3.9A and 3.10A. Roughly 14 to 20% of the variation in the dataset was responsible 

for group separation in principle components 3 and 4 in substage PCA models. Unsupervised separation 

of the study groups is visible when observing principle components 3 and 4. When the data from each 

analysis run was treated separately to remove run-to-run noise, group separation was achieved using 

principle components 1 and 2 only. Flowever, at days 28 and 63 there was a significant overlap between 

treatment groups (Figures 3.8A and 3.11 A).

OPLS-DA was used for the selection of markers of immune response to vaccination. In order 

to validate OPLS-DA models, 2/3 of the randomly selected data (4 calves per group) was used to 

generate OPLS-DA models, with the remaining 1/3 used as a test set. At days 7, 14, 42 and 49 

constructed models could accurately predict class allocation for the test set. At days 28 and 63 there 

was no correct classification for test samples, concurrent with the PCA scores plot in which there was 

no separation between study groups. Therefore, OPLS-DA models were constructed at days 7, 14, 42 

and 49 for the selection of potential markers with all experimental calves used in the generation of these 

models. For all models the variables which contributed to study group discrimination in OPLS-DA 

models were selected on the criteria of a V.l.P. score > 1. The OPLS-DA scores plot and s-plot of the 

metabolomic profiling of plasma from vaccinated and non-vaccinated calves at days 7, 14, 42 and 49 

are illustrated in Figures 3.6B, 3.7B, 3.9B and 3 .1 OB insets. When viewing the OPLS-DA scores plots 

there is a clear separation between study groups. Many of the variables which contributed to the 

discrimination between study groups were related low energy fragments or adducts of parent 

compounds. AMRTPs which demonstrated significant variation (p<0.05, students T-test) and a fold- 

change (FC) greater than 1.5 between treatment groups were selected. OPLS-DA has been widely
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shown to over fit data (Broadhurst and Kell, 2006) and therefore two other methods were used for the 

selection of potential markers. Two-way ANOVA and ASCA were performed within the online 

multivariate data analysis tool MetaboAnalyst using the entire dataset. For two factor ANOVA 

significant features were selected based on p<0.05 and interaction between study group and group 

treatment.

Unique variables selected by OPLS-DA, Two-way ANOVA, and ASCA were merged to 

streamline downstream marker selection and identification. Significant AMRTPs were filtered to 

remove those with poorly consistent peak heights in replicate injections and high intergroup variability. 

96 features were selected as influencing study group separation in OPLS-DA models and 127 and 70 

features were selected using Two-factor ANOVA and ASCA respectively. Fragment ions and adducts 

were then identified by observing mass differences in co-eluting AMRTPs - Sodium and potassium 

adducts were observed as having mass differences of +22 and +38 respectively relative to the parent 

compound mass (M+H). Furthermore, by investigating function 2 fragmentation data, parent ions were 

selected as often having reduced peak intensity compared to Function 1.

84



Chapter 3

PCA Scores Plot - Day 7 |  N o n - V a c c i n a t e d  I  V a c c i n a t e d

B

-0.3 - 0.2 0p [ l ] 0.2

Figure 3.6: Multivariate data analysis of plasma from vaccinated and non-vaccinated calves 
at day 7 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding 
scores for each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non- 
vaccinated calves. Identified vaccine response markers and AMRPTs selected throughout the study 
are marked on the S-Plots. The scores plot from OPLS-DA is shown in the inset. 85
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PCA Scores Plot - Day 14 ■  Non-Vaccinated|  V a c c i n a t e d

figure 3.7: Multivariate data analysis of plasma from vaccinated and non-vaccinated calves at 
day 14 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding scores 
for each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non-vaccinated 
calves. Identified vaccine response markers and AMRPTs selected throughout the study are marked 
°n the S-Plots. The scores plot from OPLS-DA is shown in the inset. 86
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PCA Scores Plot -  Day 28 ■  N o n  v a c c i n a t e d  |  V a c c i n a t e d

Figure 3 8- Multivariate data analysis of plasma from vaccinated and non-vaccinated calves at 
day 28 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding scores 
for each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non-vaccinated 
calves. Identified vaccine response markers and AMRPTs selected throughout the study are marked 
°n the S-Plots. The scores plot from OPLS-DA is shown in the inset.
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PCA Scores Plot - Day 42 ■  N o n - V a c c i n a t e d  H  V a c c i n a t e d

Figure 3.9 Multivariate data analysis of plasma from vaccinated and non-vaccinated calves at 
day 42 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding scores 
for each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non-vaccinated 
calves. Identified vaccine response markers and AMRPTs selected throughout the study are marked 
on the S-Plots. The scores plot from OPLS-DA is shown in the inset.
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A PCA Scores Plot - Day 49 ■  N o n - V a c c i n a t e d|  V a c c i n a t e d

Figure 3.10: Multivariate data analysis of plasma from vaccinated and non-vaccinated calves at 
day 49 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding scores for 
each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non-vaccinated calves. 
Identified vaccine response markers and AMRPTs selected throughout the study are marked on the S- 
Hots. The scores plot from OPLS-DA is shown in the inset.
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PCA Scores Plot - Day 63 ■  N o n - V a c c i n a . e d  |  V a c c i n a t e d

Figure 3.11: Multivariate data analysis of plasma from vaccinated and non-vaccinatcd calves 
at day 63 analysed by UPLC-MS/MS. (A) Unsupervised PCA scores plot, the corresponding 
scores for each replicate/animal are indicated. (B) Supervised OPLS-DA of vaccinated vs non- 
vaccinated calves. Identified vaccine response markers and AMRPTs selected throughout the study 
are marked on the S-Plots. The scores plot from OPLS-DA is shown in the inset.
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^•3.4 Identification of parent ions and AMRTPs

Hnal selection for parent ions was based on raw data, not normalized intensity, reducing the chance of 

including normalization induced false positives. AMRTPs with poorly consistent peak intensity in 

replicate infections were also removed. Out of the 16 linal parent ions selected 4 were removed as being 

artefacts of the normalization process. The 12 selected parent ions were utilised for all subsequent 

analysis and AMRTPs were deconvoluted to identify parent compound mass. Function 1 and 2 data 

was screened to identify adducts and low energy fragments in co-eluting significant AMRTPs. For 

selection of possible metabolites function 2 MS/MS data was screened in Metlin for MS/MS 

fragmentation patterns. When available, if MS/MS fragmentation data was present in the database, 

MS/MS function 2 data in +ve or -ve ionization mode was screened for identification. Elemental 

composition of the 12 parent compound was determined in MassLynx. 6 of the 12 compounds chosen 

had % confidence fit of the isotope pattern between 90 and 100%. Function 2 fragmentation data was 

screened against the Metlin online database. The retention time and accurate mass of identified markers 

°f immune response to vaccination are presented in Table 3.2 together with the percentage confidence 

of elemental composition determination in addition to potential database IDs.

Of the 12 potential markers identified to differ significantly between vaccination study groups, 

5 had their identities confirmed using pure standards (Uric Acid (UA), Glycocholic Acid (GCA), 

Taurodeoxycholic Acid (TDCA), Biliverdin (BED), Hippuric Acid, (HA) and Hexahydrohippuric Acid 

(HHA)). Putative identities based on PubChem database searching and in silico fragmentation using 

MetFrag were obtained for propionylcarnitine (PEC), N-[(3a,5p,12a)-3,12-Dihydroxy-7,24- 

dioxocholan-24-yl|glycine (NDGCA), N-Methylhippuric Acid (NMHA) and N-(cyclohex-l-en-l- 

ylcarbonyl)glycine (NCG) - identities for the AMRTPs 0.4295_1 51.145 and 0.4926_156.105, could not 

be assigned. The influence (p[l]) and reliability (p(corr)[l]) of these markers on the OPLS-DA 

multivariate data analysis can be observed in the S-plots illustrated in Figures 3.6B-3.1 IB. AMRTPs 

with high influence and reliability are indicated in the top right and bottom left corners of the S-plots. 

The variations in detected marker peak intensities between treatment groups throughout the study are 

indicated in Figure 3.12. A number of markers were shown to differ significantly between study groups 

at day 0. Repeated measures ANOVA with bonferroni post-hoc test revealed significantly different 

temporal relationships between study groups day 0 to day 7. Peak intensity of HHA and NCG differed 

significantly between treatment groups at a number of stages, with Pearson correlation showing 

significant positive correlation (p<0.001, r = 0.966). Coupled with TDCA these were the only AMRTPs 

to differ at the earliest post vaccination sampling point (day 7). The significant up and down regulation 

of 0.4926 156.105 and NCG respectively was limited to primary vaccine dosage, and is likely to be 

related to the adaptive immune response to vaccination (significant rise in IgG BP1V-3 antibody titre at 

day 14). The remaining identified markers were found to differ significantly during the phase of 

secondary immune response. Peak intensity of UA was significantly higher (p<0.05) in vaccinated 

calves compared to non-vaccinated calves at day 42. GCA was significantly up-regulated in vaccinated
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calves at days 42 and 49. Peak intensities of 0.4295 151.145 and HA were found to be significantly 

lower in vaccinated calves at day 49, whereas BLD and NDGCA were up-regulated.

fable 3.2: Final AMRPTs selected as Biomarkers of vaccination. Elemental composition of 
AMPRTs was calculated in MassLynx, with mass error of 3mDa, and elements C, H, O, P, S and N and 
% fit confidence for 3 isotopic peaks was calculated. Where possible spectral match score against 
fiinction 2 data in Metlin is indicated. Compounds identified by pure standards are indicated with a.

am rtp
I.D.

Retention
Time
(mins)

Measured 
mass (Da)

Elemental
Composition
(M+H)

% Fit 
Confidence

Mass
Error
(mDa)

Compound

0.4295 151.145 0.4295 151.145 C6H19N202 98.17 0.7 Unknown

0.4926 156.105 0.4926 156.105 C8H14N02 99.66 1.4 Unknown

0.6158_169.039 0.6158 169.039 C5H5N403 99.48 -0.4 Uric Acid (UA)a

1.4952_218.14 1.4952 218.14 C10H20N04 95.95 -0.2 Propionylcarnitine
(PLC)

4.2427J  80.066 4.2427 180.066 C9H10NO3 74.69 1.1 Hippuric Acid (HA)8

4.5993J94.082 4.5993 194.082 C10H12NO3 54.33 - 1.1 N-Methlyhippuric 
Acid (NMHA)

4.8821 184.097 4.8821 184.097 C9H14N03 34.64 -0.2
N-(cyclohex-I-en-l-
ylcarbonyl)giycine
(NCG)

5.006J86.113 5.006 186.113 C9H16N03 100 0.1 Hexahydrohippurate 
(HHA)8

7.1759_464.3 7.1759 464.3 C26H42N06 96.92 -0.6
N-[(3a,5ß,12a)-3,l2- 
Dihydroxy-7,24- 
dioxochoIan-24- 
yllulycine (NDGCA)

7.7341_466.317 7.7341 466.317 C261144N06 16.22 -0.6 Glycocholic Acid 
(GCA) 8

8.2088 500.304 8.2088 500.304 C26H46N06S 5.8 -0.8 Taurodeoxycholic 
Acid (TDCA) 8

8.5105_583.255 8.5105 583.255 C33H35N406 18.33 1.4 Biliverdin (BLD)8
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Figure 3.12: Temporal changes in metabolite peak intensity throughout vaccination program.
Haw peak intensity (height) of the selected biomarkers at each sampling stage is indicated (n=6). 
Significant changes in metabolite peak intensity (height) are indicated *P<0.()5, **p<0.01, 
***p<o ooi. Fold change was greater than 1.5 where significant changes are indicated.
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3.4 Discussion
Historically vaccine development strategies have focused on the induction of specific antibody 

responses to potentially antigenic molecules as an indicator of effective immune stimulation (whole 

virus or viral proteins) with little understanding of how these antigens elicit their particular immune 

responses (Siegrist, 2008). Whilst this approach has resulted in the majority ot vaccines in use today, 

vaccine development is increasingly costly and it is imperative that the least promising candidates are 

eliminated from investigation as early as possible. I he identification of immune correlations, in 

particular proteins such as interleukins and cytokines, has helped to improve the understanding of 

vaccine mediated immune response mechanisms. Emerging metabolomic techniques oiler a novel 

perspective to vaccine development and selection strategies as metabolites are the ultimate end stage 

products or mediators of biological processes and therefore can provide a holistic view ol underlying 

physiological processes. This study has employed an untargeted metabolomic profiling approach to 

identify plasma markers altered as a result of primary and secondary immune responses to intranasal 

vaccination (containing live modified virus). Such metabolomic markers may assist in the early 

screening of vaccine candidates and aid the understanding of the processes involved in immune 

protection, improving the rationale behind vaccine development. I his is the first untargeted UPLC-MS 

based metabolomics study to reveal metabolite markers of the immune response occurring during 

vaccination. Vaccination of calves with two intranasal dosages of Pfizer Rispoval® PI3+RSV resulted 

in significant increases in specific BPIV-3 lgG antibody litre in the vaccinated calves. I he IgG 

responses indicated that the booster immunization was necessary to further increase the titres of BP1V- 

3 specific antibodies. This stimulated IgG response is characteristic of the immune response typically 

seen in two-stage dosage vaccine programs. We can therefore characterize the markers identified in this 

study which showed altered abundance between vaccinated and non-vaccinated study groups as being 

related to the immunological responses involved in primary and secondary immuno-stimulation.

Metabolomic profiles of sampled plasma were acquired by UPEC coupled to a Xevo G2 Q 1'OF 

operating in positive mode, and multivariate and univariate data analysis conducted using S1MCA and 

MetaboAnalyst for the selection of potential markers. Factors such as inadequate column conditioning 

and excessive run times have been shown to negatively impact instrument performance (Want et al., 

2010), however, targeted analysis of Phenylalanine, Tryptophan and Glycocholic Acid in quality control 

pools revealed excellent retention time stability and mass accuracy during and between separate analysis 

runs, therefore providing assurance in accuracy of the data collected. Separation between vaccinated 

and non-vaccinated study groups was observed at days 7, 14, 42 and 49 when observing PCs 3 and 4 in 

PCA scores plots. Supervised OPLS-DA revealed good separation between study groups at days 7, 14, 
42 and 49, and the AMRTPs which were responsible for this also influenced study group separation in 

the PCA loadings plot (PC3 and PCM). Poor PCA separation and OPES-DA cross-validation observed
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at days 28 and 63 is possibly due to the fact that the physiological state of vaccinated calves is returning 

to the normal status quo for normal metabolism or pre vaccine levels.

12 metabolites which differed significantly within vaccinated and non-vaccinated calves 

throughout the study were identified as putative markers of primary and secondary immune responses 

to live modified virus contained in Pfizer R1PSOVAL-3® PI3+RSV intranasal vaccine. Being a 

modified live virus given intra-nasally, the virus will go through a limited round of replication in the 

upper respiratory tract and therefore should simulate a range of host responses that would be seen during 

a natural wild type infection. Uric Acid (UA), Glycocholic Acid (GCA), Taurodeoxycholic Acid 

(TDCA), Biliverdin (BLD), Hippuric Acid (HA) and Hexahydrohippuric Acid (HHA) were confirmed 

by analysis of pure standards whilst putative identification was also obtained for propionylcarnitine 

(PLC), N-[(3a,5p,12a)-3,12-Dihydroxy-7,24-dioxocholan-24-yl]glycine (NDGCA), N-Methylhippuric 

Acid (NMHA) and N-(cyclohex-l-en-l-ylcarbonyl)glycine (NCG) based on database searching and 

elemental composition. Accurate identification for the AMRTPs 0.4295_151.145 and 0.4926_156.105 

could not be obtained. All revealed markers were shown to be present in plasma prior to vaccine 

administration, therefore their altered abundance reflects the processes of stimulation of the immune 

system following exposure of animals to modified live viral vaccine, and are not associated with vaccine 

breakdown products.

A significant increase in BLD plasma peak intensity in vaccinated calves was observed 

compared to non-vaccinated calves two weeks after the second R1SOVAL dosage (day 49). BLD is 

degraded from heme groups by Heme Oxygenases (HO) with the release of iron and carbon monoxide 

(Abraham and Kappas, 2008), and rapidly reduced to Bilirubin by Biliverdin Reductase (Ryter et al„ 

2006). The HO isoform HO-1 has been shown to be involved in the immune function modulation of 

dendritic cells, T cells and monocytes (Yachie et al„ 2003, Chauveau et al., 2005, Burt et al., 2010).

110-1 produced from circulating monocytes supports the proliferative capacity and activation ofCD4(+) 

and CD8(+) T cells through interactions with CD14(+) monocytes and further preventions the 

maturation of DC. HO-1 knock out has been shown to have a detrimental effect on immune response 

with the production of high levels of Thl pro-inflammatory cytokines (Poss and Tonegawa, 1997, 

Kapturczak et al., 2004). During acute inflammatory states there is increased HO-1 expression in 

monocytes, leading to an anti-inflammatory response (Yachie et al., 2003), which is an important aspect 

of the immune response to ensure that the systems is switched off and returns to the normal state. BLD 

suppress IL-2 production and T cell proliferation (Yamashita et al., 2004), and activates the aryl 

hydrocarbon receptor (AHR) (Phelan et al., 1998), regulating T helper cell phenotype towards an anti

inflammatory regulatory T cell, or a pro-inflammatory T helper 17 effector function (Quintana et al., 

2008, Veldhoen et al., 2008) and therefore may play a crucial role in mediating immune response to 

secondary immune response (i.e. booster dosage as illustrated in this study). It has also been 

demonstrated that administration of Biliverdin improves the success oforgan transplantation (Yamashita 

et al., 2004) indicating a direct effect in immuno-suppression or reducing inflammatory responses.
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Increased plasma levels of BLD indicate increased HO-1 activation and/or reduced Biliverdin Reductase 

activity. Increased heme release due to oxidative stress would predominately indicate cytotoxic T cell 

mediated apoptosis of viral infected cells (Barber, 2001). If this was the principle reason for increased 

HO-1 activity it may correlated with peak times in a vaccination or infection cycle when sufficient 

specific effector cytotoxic T cells are generated and responding in an infection. Findings from this study 

suggest that significantly higher BLD levels at day 49 (14 days post booster immunization with live 

attenuated vaccine) are due to either increased HO-1 activity at a rate which cannot be matched by 

Biliverdin Reductase, or an unknown modulatory effect on Biliverdin Reductase affecting the rate which 

it reduced BLD to bilirubin - strongly supporting BLD and HO-1 involvement in the promotion of anti

inflammatory responses as the immune stimulation response is de-activated to normal status.

Plasma peak intensities of a number of conjugated bile acids were found to ditter significantly 

between vaccinated and non-vaccinated calves. The significant up-regulation of GCA and NDGCA at 

secondary booster dosages (day 42 and 49) suggests their potential roles as secondary immune response 

mediators associated with a recall response. TDCA, however, was significantly up-regulated in 

vaccinated calves at primary vaccine dosage stage (day 7), suggesting a role in primary immune response 

mediation. As altered plasma levels of the identified bile acids were shown to occur at separate stages, 

it suggests that Cholic acid conjugation allows mediation of different immune response pathways, 

dependent on the amino acid that is conjugated. To date the only previously published study assessing 

metabolomic responses to vaccination (Zamani et al., 2011) employed NMR techniques to determine 

potential immune response markers to foreign antigen in rabbits. That study suggested a role for a 

number of amino acids in such responses but more pertinent to this current study also reported an up- 

regulation of serum cholesterol levels at days 5 and 10 after primary and secondary immunization 

respectively (Zamani et al., 2011). As cholesterol is a precursor to Cholic acid, and hence GCA and 

TDCA, it’s up-regulation could be due to an increased demand for immuno-regulatory BAs. The 

different physiological characteristics of bile acids have been shown in vitro, with observed differences 

in receptor binding and activity. Bile acids have been shown to play essential roles in lipid absorption, 

cholesterol catabolism and bile acids synthesis (Russell and Setchell, 1992), however, recently their 

function has been expanded to activities as signalling molecules activating nuclear and G-protein 

coupled receptors (Hylemon et al., 2009). The interactions of bile acids with nuclear receptor Farsenoid 

X Receptor (FXR) (Makishima et al., 1999, Parks et al., 1999) and the G protein coupled receptors 

Transmembrane G protein coupled receptor 5 TGR5 (Kawamata et al., 2003) and Formyl-peptide 

receptor (FPR) (Le et al., 2002) are particularly interesting in terms of immune response regulation. 

Dendritic cells have been shown to have FXR modulated immune function due to bile acid treatment 

(Willart ct al., 2012). Bile acid treatment of transfected DCs results in significantly greater IFN-y 

producing T-cells upon OVA airway stimulation compared to FXR-knock out (KO) DCs, and reduced 

airway eosinophilia and macrophage intlux (Willart et al., 2012). FXR-KO has been shown to lead to 

increased levels of bacterial infection and compromised epithelial barrier (lnagaki et al., 2006). By
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modifying epithelial integrity and residential macrophage functioning, bile acids participate in an FXR 

regulatory manner, improving host protection against invading foreign pathogens and limiting innate 

immune responses in the GI tract, with an inverse correlation between FXR function and host 

susceptibility to inflammation (Inagaki et al., 2006). FXR-KO mice also express high levels of lFN-y 

and BA activation favours the development of immune tolerance (Mencarelli et ah, 2000). Activation 

of FXR by synthetic bile acid ligand results in NK T-cell inhibition and reduced pro-inflammatory 

osteopontin production, rescuing hepatitis damaged livers, indicating FXRs role in maintaining immune 

homeostasis (Mencarelli et ah, 2009). Bile acid mediated TGR5 activation stimulates cAMP production, 

inhibiting LPS induced pro-inflammatory cytokines secretion (TNF-a, lL-ip, IL-la, 11,-6 and 11,-8) 

(Kawamata et ah, 2003). In man TGR5 mRNA is present in a variety of tissues, with highest levels 

found in the placenta, spleen, lung and liver, as well as mononuclear cells (alveolar macrophages and 

dendritic cells) (Kawamata et ah, 2003, Ichikawa et ah, 2012). FPR is expressed at high levels in 

neutrophils and monocytes and plays a role in chemotaxis. Bile acids provide an antagonistic role in 

mediating FPR dependant phagocyte trafficking to sites of pathogen induced tissue damage (Thomas et 

ah, 2008). In this study this may relate to using a live attenuated vaccine as the vaccine virus will attach 

and infect respiratory tissue in the upper respiratory tract. Administration of GCA has been shown to 

reduce gastrointestinal inflammation in rats with colitis (Oktar et ah, 2001) and furthermore, intra

tracheal co-administration of GCA with plasmid cDNA in rat lungs has been shown to improve 

transfection levels (Freeman and Niven, 1996). It is interesting to note that bile acid containing 

substances have been used in traditional Chinese medicine with observable anti-inflammatory and 

immunomodulatory effects (Li et ah, 1995, Chen et ah, 2002).

The anti-inflammatory properties of bile acids are clear, though bile acid structural differences 

will influence what receptors are activated. TDCA and GCA have been shown to bind to TGR5, 

however in alveolar macrophages cAMP stimulation and hence inhibition of pro-inflammatory 

cytokines favours more hydrophobic bile acids (in the order LCA > DCA > CDCA > CA, with 

conjugation favouring T > G > F) (Kawamata et ah, 2003). Therefore TDCA is more likely to be 

responsible in activating TGR5 in vivo. As TDCA was significantly up-regulated at day 7 in vaccinated 

relative to non-vaccinated calves, TDCA may play a role in arresting innate inflammatory response in 

favour of the progression of adaptive immunity through the activation ofTGR5. FXR activation favours 

unconjugated bile acids in vitro (Makishima et ah, 1999, Parks et ah, 1999), however TDCA and GCA 

have both been shown to activate FXR in vivo, but whilst this level of activation is significantly higher 
than unconjugated bile acids it requires bile acid transport into FXR expressing cells to allow activation 

(Wang et ah, 1999). Significant up-regulation of circulating plasma levels of GCA could provide a 

method by which pro-inflammatory responses at the site of infection are limited after secondary 

exposure to viral infections. GCA induced activation of FXR and FPR at post-booster stages in 

vaccinated animals may reduce macrophage and neutrophil influx to the site of infection and increase 

the levels of INF-y producing CD4+ and CD8+ T-cells, promoting an adaptive immune response.
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Clearly a greater understanding of the physiological impacts of bile acids in vivo is needed, with 

Particular emphasis on the pathways involved in different phases of immune response.

While not studied in great detail, PLC appears to play a role in modulating innate immune 

response. Significantly higher levels of PLC in vaccinated relative to non-vaccinated calves were 

observed at day 14 post initial vaccine dosage, suggesting a potential role of PLC in either mediating 

adaptive immune responses following primary immune stimulation, or as an end stage metabolite 

produced as a result of these processes. Innate immune response following transplantation has been 

demonstrated to be modulated by PLC (Azzollini et al., 2008). PLC addition to Belzer solution stored 

grafts prevents neutrophil, CD4+, CD8+, ED1+ and MHCII cell infiltration upon transplantation, in 

addition to protecting grafts from oxidative stress injury (Azzollini el al., 2008) and improving the 

histological features in colitis (Gasbarrini et al., 2003). In vivo PLC treatment resulted in significant 

decrease in the release of leukocyte adhesion molecules into plasma (E-selectin, P-selectin, L-selectin 

1CAM-1 and VCAM-1) (Signorelli et al., 2001) suggesting PLCs action in modulating leukocyte 

function and trafficking, with a potential role in reducing immune cell recruitment to sites of active viral 

replication with the progression of adaptive immunity associated with increased BPIV-3 lgG production 

at day 14 in this study. The immunomodulatory effects of PLC are further demonstrated by its potential 

to reduce platelet activating factors when exposed to neutrophils in vitro and in vivo (4 riggiani et al., 

1999). The significant up-regulation of PLC at day 14 may therefore be due to its anti-inflammatory 

effect in arresting pro-inflammatory leukocyte recruitment in favour of adaptive immune response.

Significantly higher levels of UA were observed in vaccinated relative to non-vaccinated calves 

at day 49 (2 weeks post second vaccine dosage). UA released from injured cells activates the NALP3 

inflammasome leading to IL-lf) production (Laiakis et al., 2010), but, the specific mechanism by which 

UA promotes its immunosuppressive effects is not fully understood (Kanellis and Kang, 2005, Kang et 

al., 2005). UA has been shown to be a potential serum biomarker in severe childhood pneumonia 

(Laiakis et al., 2010). The UA up-regulation at day 42 (1 week post booster immunization) would 

suggest an increased population of cytotoxic T cells responding to re-exposure to the live attenuated 

vaccine. Whilst there has been no previously reported evidence of the direct immunosuppressive 

properties of HA or HHA, significantly lower levels of HA were observed in vaccinated animals at day 
49 (2 weeks post booster immunization), and significant differences in the plasma peak intensity of 

HHA between treatment groups at days 7, 14 (post initial immunization) and days 42, 49 and 63 (1, 2 

and 4 weeks post booster immunization respectively). Reduced plasma HA levels in vaccinated calves 

compared to non-vaccinated calves, suggests that it does not exert a direct anti-inflammatory effect. 

HA may instead be involved in the mediation of immune response through its metabolism to produce 

compounds which do exert a direct immuno-modulatory effect and hence mediate secondary immune 

responses to induce protective immunity to vaccine dosage. Hippuric acid is an acyl-glycine, fonned 

through the action of N-acetyltransferase involving Acyl-CoA, and I IMA, NM11A and NCG have acyl- 

glycine like fragmentation patterns. The reduced plasma HA levels may result from reduced N-
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acetyltransferase activity (due to increased metabolic demand for acetyl-CoA) coinciding with a marked 

reduction in plasma levels of the other metabolites (HHA and NCG).

3.5 Conclusion

The identification by this study of metabolomic markers altered in response to primary and secondary 

immune stimulation provides a novel insight into processes involved in the acquirement of long term 

immune protection to respiratory viral pathogens. Metabolomic markers associated with primary 

vaccine dosage administrations may find application as early diagnostic markers to screen for 

immunogenic candidates during vaccine selection investigations (in this case with a live attenuated 

vaccine). In particular, both TDCA and HHA were shown to have altered plasma peak intensity levels 

at the earliest sampling stage (day 7) prior to any significant differences been observed through 

traditional antibody screening methods. The metabolites GCA, NDGCA, UA and BLD, which were 

altered within plasma at the secondary vaccine dosage stages, may additionally represent key diagnostic 

markers of established immune protection in animals (identification of specific recall immune response). 

I he vaccine used in this work contained modified live virus and therefore detected metabolite markers 

may also represent what would be present during a natural wild type viral infections in animals and may 

act as diagnostic markers of the early stages of infection enabling preventative measures to be taken to 

minimize infection impact. Future research will seek to expand upon the physiological role of these 

metabolomic markers and focus on establishing the biological pathways in which they may play a role 

in imniuno-modulatory activities.
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Chapter 4 -  Metabolomic biomarker screening of response to 

BPIV-3 challenge in animals vaccinated with a bivalent 

commercial vaccine containing BPIV-3 and BUSY
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4.1 Introduction

Vaccines are commonly used for controlling the viral pathogens involved in the Bovine Respiratory 

Disease (BRD) complex (Peters et al„ 2004). BRD is a multifactorial disease characteristic of a viral- 

bacterial synergistic infection with predisposition from environmental stressors (Cusack et ah, 2003), 

where despite seasonal vaccination calves can become infected with each new outbreak (Kahrs, 2001), 

maintaining the infection within the population. The viral pathogens associated with BRD (BPIV-3, 

BRSV, BVD, BHV-1) impair immune responses in infected animals and damage the respiratory tract 

allowing for the establishment of bacterial infection and the generation of severe bacterial pneumonia 

(Panciera and Confer, 2010). However, vaccinated animals can successfully clear viral infections faster 

than non-vaccinated animals through immune memory response, therefore reducing the associate viral 

tissue damage or impairment of immune functions helping to prevent the establishment of secondary 

infections (Peters et ah, 2004). Identifying animals which have failed to develop vaccine mediated 

immune protection in endemic viral infections could be employed for the diagnostic monitoring of herd 
level immunity and enabling vaccine failure animals to be revaccinated to ensure robust herd immunity. 
There may also be the option to remove some animals from the herd that may pose a greater risk of 
becoming infected and transmitting the infection to more susceptible juvenile stock of animals.

Currently it is extremely difficult to identify animals which have been successfully vaccinated 
against viral pathogens from those which have not due to a number of factors such as the types of tests 

used, the age of the animal and maternally derived antibodies and endemic circulating infections and 

particularly in an active infection setting on-farm. DIVA (Differentiating Infected from Vaccinated 
Animals) vaccines, a modified version of the wild type virus (avian influenza (Capua et ah, 2003)), 

contain different marker proteins which typically are immunogenic proteins expressed on the exterior 

of the viral envelope. The proteins which have been removed/altered from the wild type virus in the 

DIVA vaccine can be assessed through antibody screening to determine the increasing levels in the 

blood (which would only occur in response to wild type virus exposure) as a result of exposure to the 

vaccine or a wild type virus infection. This approach helps to reduce the occurrence of false positives 

in diagnostic tests but does not allow for the differentiation of vaccine status of an animal when infected 

prior to sero-conversion. Therefore, these tests are only useful in assessing the level of herd immunity 

after exposure to an infective agent and do not present the opportunity for diagnosis of infected animals 

within the window for effective therapeutic treatment. The only definitive method for determining 

successfully vaccinated animals in the presence of an active viral infection is to determine the rate of 

viral shedding (by virus isolation), or by observing whether the cytokines/interleukins altered in the 

presence of infection are characteristic of primary or secondary immune stimulation using ELISA-based 

methods (Favre et ah, 1997). However overall development of such differential vaccines is difficult and 

there are very few DIVA vaccines that have been deployed for field use in veterinary medicine. 

Therefore, there is a need for alternative diagnostic methods which would provide the tools to assess
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vaccination status of animals exposed to BRD viral pathogens at the early stages of any potential 

infections.

Metabolomics is the analysis of metabolites or ‘small molecules in a biological sample by NMR 

°r mass spectrometry. These metabolites are often the end stage produces of biological processes and 

therefore provide a more accurate representation of an organism s health status at the time of sampling 

compared to proteomic and genomic techniques. Metabolomic analysis offers the potential to observe 

phenotypic level response of animals throughout the stages of infection, and with this being able to 

employ additional markers to those commonly used for disease diagnostics to determine the stage of the 

disease within infected animals. This study aims to employ untargeted metabolomics to identify markers 

capable of distinguishing between different vaccine statuses of BP1V-3 infected animals and is a 

continuation of the study conducted in Chapter 3 as illustrated in Figure 4.1. Preliminary analysis was 

Performed at day 6 post-BPIV-3 challenge (76 days post initial vaccine dosage) (typically shown to be 

the period of peak virus litre (Salt et al., 2007, Xue et al., 2010)) to investigate which of the UPLC 

chromatographic separation methods, Reverse Phase (RP-UPLC-MS) or Hydrophobic Interaction 

Liquid Chromatography (H1LIC-UPLC-MS), was suitable for investigation of changes in the plasma 

metabolites of vaccinated or non-vaccinated calves in response to BPIV-3 challenge. Upon selection of 

3 suitable chromatographic separation metabolomic makers were investigated at days 0, 2, 6, 14 and 20 

P-i. using multivariate statistical analysis and where possible identified using pure standards. The 

metabolites which differed in the plasma between study groups at day 6 p.i., as assessed by H1LIC- 

UPLC-MS, were also identified.

Initial vaccine dosage Vaccine booster BPIV-3 C hallenge-nasal
(study group specific) (study group specific) lnoculatlon(all groups)

BPIV-3 vaccination study • 
days post initial Inoculation

BPIV-3 cha lleng esU idy ■ 
days post challenge (p.i )

BBB BB BO 20 End

12 male Holstein Frleslancalves ___ __
2 Croups, ns# Platelet poor EDTA plasma
• Non-vacclnated(emptyPLGA  

nanoparticles)
• Vacclnated(PtlzerRISPOVAI PI3 ♦ RSV)

Figure 4.1: Experimental design for the assessment of metabolite markers produced in 
response to BPIV-3 challenge in the plasma of vaccinated or non-v accinated calves. The
BPIV-3 vaccination study was conducted in Chapter 3 and this study investigates markers in 
plasma following experimental BPIV-3 challenge at day 70 (day 0 p.i.). At day 6 during the 
BPIV-3 challenge study 3 calves per group were sacrificed for viral isolation and histology.
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4-2 Materials and methods 

4-2.1 Chemicals and reagents
HPLC grade acetone was purchased from Sigma Aldrich. LC-MS grade acetonitrile, IhO, methanol 

and chloroform were purchased from Fisher Scientific. All analytical standards tor metabolite 

confirmation were purchased from Sigma Aldrich.

Chapter 4

4.2.2 Experimental design and sample collection
All animal studies were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 

with the approval of the AFB1 ethical review group. 12 male Holstein Friesian calves aged between 20 

and 25 weeks were divided into two groups (n=6) and designated into non-vaccinated or vaccinated 

study groups. Figure 4.1 illustrates the experimental design and sample collection days. Briefly, 

vaccinated calves were treated with Pfizer Rispoval® P13+RSV intranasal vaccine (designated 

vaccinated animals), and non-vaccinated calves were treated with empty poly(lactic-co-glycolic) acid 

PLGA nanoparticles (designated non-vaccinated) prepared using standard double emulsification solvent 

evaporation technique (w/o/w) (Jeffery et al., 1993), by Dr Fawad Mansoor VSD, AFBI. I week after 

completion of vaccination study (see experimental design in Chapter 3 section 3.2.2) all calves weic 

experimentally challenged with BPIV-3 through nasal inoculation (6xlOh virus particles per animal). 

Each calf received 2 ml of virus suspension into each nostril. Calves were sampled at days 0, 1,2, 5, 6, 

12, 14 and 20 post-BPIV-3 infection (p.i.). At day 6 p.i. after sampling 3 animals per group were 

sacrificed for viral isolation and histology. BPIV-3 antibody screening and haematology was performed 

as per Chapter 3 section 3.2.2. Blood was drawn from the calves on days 0, 1,2, 5, 6, 12, 14 and 20 

post-BPIV-3 challenge (p.i.) by jugular venepuncture into 6ml plastic K3 ED FA Vacuette tubes (Greiner 

bio-one, Stroudwater, UK) and processed to platelet poor plasma by the double centrifugation method 

as described previously in Chapter 3 section 3.2.2 (Tammen et al., 2005). All samples were processed 

at random within 2hrs of initial blood drawing and stored at -80°C until prior to use.

4.2.3 Sample preparation for Reverse Phase (RP) Liquid Chromatography

400 pi of plasma was added to 1.6ml of ice cold acetone, vortexed for 30sec and placed on ice for 15min. 

The sample was then deproteinated by centrifugation at 15,000g at 4°C for 15min, 1.6ml of supernatant 

was removed and dried under nitrogen for 45min at 40°C using TurboVap TV (Caliper Life Sciences, 

Hopkinton, USA). Resulting residue was reconstituted in 500pl of Ultra-Pure ILO and Liquid/Liquid 

extraction of lipids performed by addition of 500pl of ice-cold Methanol ¡Chloroform (1:1 v/v) and 

vortexing for 30sec followed by centrifugation at 16,000g at 4°C for 15min. Liquid/Liquid extraction 

was repeated and after centrifugation 900pl of the aqueous layer was removed and dried under nitrogen
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using TurboVap at 40°C lor 45min. The residue was reconstituted in 150pl ultra-pure H2O and filtered 

by centrifugation at 10,000g at 4°C using 0.22pm Constar Spin-X® Centrifuge Tube Filter for 5mins.

4.2.4 Sample preparation for Hydrophobic Liquid Interaction Chromatography 

(HILIC)
100 pi of plasma was added to a well in an Ostro protein precipitation and phospholipid removal plate 

(Waters). lOOpl of 1% formic acid/acetonitrile (v/v) was added to the sample well and the plate was 

shaken for 30s. The plate was added to Waters Extraction Plate Manifold and the sample was drawn 

through the Ostro plate under vacuum into a 96 well 2ml collection plate. Samples were analysed 

immediately by HILIC-UPLC-MS/MS.

4.2.5 Metabolomic profiling of bovine plasma by Reverse Phase (RP) UPLC-MS/MS 

using Xcvo G2 Qtof
RP-UPLC-MS/MS was conducted using the parameters outlined in Chapter 3 section 3.2.4.

4.2.6 Metabolomic profiling of bovine plasma by HILIC-UPLC-MS/MS using Xevo G2 

Qtof
HILIC-UPLC-MS/MS analysis was performed using the same UPLC-MS/MS instrumentation as RP- 

UPLC-MS/MS analysis. Ipl of prepared sample extracts were injected onto an Acquity UPLC BEH 

HILIC column (2.1 mm x 100 mm i.d., 1.7pm; Waters Corporation, Milford, MA, USA). Column and 

autosampler temperature were maintained at 45°C and 6°C respectively. Chromatographic separation 

was carried out at a flow rate of 600pl/min with mobile phase consisting of lOmM Ammonium Formate 

pH 3.3(A) and Acetonitrile (B). The elution gradient was as follows: 0 -  2min isocratic at 5% of A, 2 -  

lOmin linear gradient form 5 - 30% of A, 10 -  1 lmin linear gradient from 30 -  90% of A, 11 -  12min 

isocratic at 90% of A, 12 -  12.5min linear gradient from 90 -  5% of A, 12.5 -  16min isocratic at 5% of 

A. Mass spectrometry was performed using a Waters Xevo G2 Q-Tof (Milford, MA) operating in 

positive-ion mode (ESI+) with the capillary voltage set to 300V and the sampling cone voltage 20V. 

The desolvation and cone gas flows were set at 700L/h and 5L/h respectively. Source and desolvation 

temperatures were 120°C and 450°C respectively. Leucine Enkophalin was used for accurate lockmass 

calibration during data acquisition, with acquisition settings the same as with RP-UPLC-MS/MS 

analysis. Data acquisition settings were positive-ion mode, resolution mode and centroid. Collision 

energy was only applied on function 2, with ramping between 20V and 35V.
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4.2.8 Pre-analysis system validation and analysis run optimization
For RP-UPLC-MS/MS analysis a test mix of Acetominophen, Sulfaguanidine, Sulfadimethoxine, Val- 

Tyr-Val, Verapmil, Terfenadine, Leucine-Enkephalin, Reserpine and Erythromycin was injected to 

ensure calibration of mass spectrometer mass accuracy and UPLC performance prior to analysis. For 

H1LIC-UPLC-MS/MS analysis the test mix was cytosine, O-acetyl-L-carnitine and L-valine. Pooled 

samples (comprising a lOpl aliquot from all study samples) were injected 5 times before the start of 

each run for column conditioning (Want et al., 2010) and intermittently throughout the run to validate 

instrument performance. For reverse phase analysis the samples were randomly split into 2 batches (3 

animals per group) to validate that a separate extraction and test samples could accurately be predicted 

by discriminate multivariate data analysis. Following preliminary analysis at day 6 p.i. plasma from 

calves was analysed by RP-UPLC-MS/MS using Xevo G2 Tof at days 0, 2, 14 and 20 p.i. to determine 

markers at other time points in response to infection.

4.2.9 Data processing
Data processing was performed using MarkerLynx, with the outlined parameters in section Chapter 3 

section 3.2.6.

4.2.10 Validation of UPLC-MS/MS performance prior to initiating sample analysis

Pooled samples (comprising a lOpl aliquot from all study samples) from the start, middle and end of 

each run were processed using MassLynx to determine batch to batch retention time deviation. Mass 

accuracy, inter-run retention time deviation and peak height variation were determined by targeted 

analysis of known metabolites present in bovine plasma. For RP-UPLC-MS/MS L-tryptophan, L- 

phenylalanine and glycocholic acid were analysed. For IIILIC-UPLC-MS/MS creatinine, creatine and 

valine were analysed. Peak top times, peak intensity and accurate mass were determined using the 

identify tool in ChromaLynx, with the same method as outlined in Chapter 3 section 3.2.7.

4.2.11 Data analysis
Data extraction and processing was performed using SIMCA version 13.0 (Umetrics, Sweden) and 

MetaboAnalyst version 2.0 using the parameters outlined in Chapter 3 section 3.2.8. Temporal changes 

in BP1V-3 antibody titre were analysed using two-tailed paired T-test, and significant differences 

between study groups at sampling stages was assessed using two-tailed T-test assuming unequal 

variance. Two separate multivariate statistical packages were used for extracting significant accurate 

mass retention time pairs (AMRTPs) -  SIMCA version 13.0 (Umetrics, Sweden) and an online data

105



Chapter 4

analysis suite for metabolomics data MetaboAnalyst version 2.0. For S1MCA analysis, data was 

prefiltered to exclude AMRTPs with coefficient of variation greater than 50% in replicate quality control 

pools. All centroid data were Pareto scaled and analysed by unsupervised Principle Component 

Analysis (PCA) and supervised discriminatory analysis by Orthogonal Projections of Latent Structures- 

Discriminant Analysis (OPLS-DA). Unsupervised PCA models were generated at each sampling day 

to reveal potential relationships between study groups. Supervised analysis by OPLS-DA was 

performed to reveal potential markers of response to treatment in vaccinated animals compared to non- 

vaccinated animals at each sampling day. Robustness of final OPLS-DA discriminative models was 

assessed by setting a predictive model of each case in which 2/3 of the data (known study group) was 

used to predict the remaining 1/3 (unknown study group). Significance of the identified markers was 

determined using ANOVA with bonferrroni post-hoc test.

4.2.12 Identification of AMRTPs
AMRTPs which showed variable differences between non-vaccinated and vaccinated animal groups 

were chosen for further analysis and identification using Metlin, HMDB and Pubchem databases, with 

in silico fragmentation performed using Metfrag. The putative identities for AMRTPs for which 

standards could be obtained were analysed by UPLC-MS/MS as in section 4.2.6, the results of which 

are illustrated in Appendix Figures 8.1-8.8.
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4.3 Results

4.3.1 Hematological and Immunological responses to BPIV-3 challenge in vaccinated and 

non-vaccinated calves
Animals were monitored throughout the study to ensure normal health status and immunological 

response to vaccination. Serum was obtained from all calves to determine weekly IgG anti BPIV-3 sera 

litres during the vaccination procedure and to perform routine blood hematology analysis to validate 

animal health throughout the duration of the study. During vaccination stages (Chapter 3) animals 

treated with Pfizer Rispoval® PI3+RSV intra-nasal vaccine showed a significant increase in BPIV-3 

IgG titre relative to non-vaccinated animals, characteristic of primary and secondary immune 

stimulation. Upon BPIV-3 challenge IgG antibody titre was maintained at significantly higher (p<0.05) 

levels at days 0 and 5 p.i. in vaccinated calves compared to non-vaccinated calves as illustrated in Figure 

4.2A. There was an observed drop in BPIV-3 IgG titre in vaccinated calves from day 0 to day 5 p.i. but 

this level was still significantly higher than that found in non-vaccinated calves (p<0.05). There were 

no significant changes in the levels of BPIV-3 IgG titre in vaccinated or non-vaccinated calves 

throughout the remaining infection stages, with mean BPIV-3 IgG titres remaining higher in vaccinated 

calves compared to non-vaccinated.

The results from serum hematology are illustrated in Figures 4.2A-J. Hemoglobin, Mean 

Corpuscular Volume, Mean Corpuscular Hemoglobin, Packed Cell Volume, Platelets, Neutrophils, 

Eosinophils and Monocytes were within specified reference parameters throughout the study based on 

data from Brun-Hansen (Brun-Hansen et ah, 2006) for calves at corresponding ages, as reference 

parameters for calves have been shown to differ from adults. WCC, RCC and lymphocyte counts were 

outside reference parameters during the study. There was a significant rise (p<0.05) in WCC in non- 

vaccinated animals after BPIV-3 infection from days 0 to day 5 p.i. and WCC was higher than reference 

Parameters from days 6 to 20 p.i. in vaccinated calves, and significantly higher (p<0.05) at days 12 and 

20 p.i. in vaccinated calves compared to non-vaccinated. RCC was elevated outside reference 

parameters throughout the study and was significantly higher (p<0.05) in vaccinated calves at day 5 p.i. 

compared to non-vaccinated. No significant differences were observed in lymphocyte counts between 

study groups, however, lymphocyte counts were above the reference parameters in both animal cohorts 

at day 5 p.i. There was a significant increase in lymphocyte counts in both study groups from days 0 to 

5 and a significant decrease from days 5 between days 12 p.i. Despite being within the reference 

parameters, significant differences were observed in PCV at day 5 p.i., MCV and day 12 p.i. and MCH 

at day 5 p.i. between study groups.
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*'liure 4.2: IgG and Haematological data compiled between days 0 and 20 p.i. (A) Serum was 
Unalysed using Svanovir-PI3V-Ab kit to determine BPIV-3 IgG litre. (B-J) Serum haematology 
Vvas performed at AFBI Veterinary Science Division. Values represent mean ± S.E.M. days 0 
and 5 n=6, days 12, 14 and 20 n=3. Signifant differenes are indicated *p<0.05.
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Figure 4.2: Continued.
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4.3.2 Selection o f suitable chromatographic separation method for mctabolomics analysis 

of bovine plasma and investigation of UPLC-MS/MS data quality

In order to determine a suitable chromatographic separation method lor the analysis ot bovine plasma 

metabolites, UPLC methods: Reverse Phase (RP-UPLC-MS) and Hydrophobic Interaction Liquid 

Chromatography (HILIC-UPLC-MS) were investigated. Briefly, plasma samples taken from both study 

groups (n=6) at day 6 p.i. were separated using each method and analysed by Xevo G2 Qtot. Base peak 

intensity (BP1) chromatograms of bovine plasma analysed by RP-UPLC-MS/MS and HILIC-UPLC- 

MS/MS in positive ionization mode are shown in Figure 4.3A-B. In the BP1 chromatograms for plasma 

analysed by reverse phase chromatography using a HSS-T3 CIS column there was poor column 

retention of hydrophobic compounds between 1 min and 2 min. Chromatographic separation was 

excellent between 2min and 14.5mm with no observable overlapping chromatographic peaks. BPI 

chromatograms for bovine plasma analysed by H1LIC-UPLC using BEH HILIC column is displayed in 

Figure 4.3C-D. As with reverse phase chromatography separation there was a significant overlap of 

chromatographic peaks between lrnin and 2min, however, these peaks originate from the Ostro 

extraction plate (when visualizing blank extractions), and were therefore excluded from the dataset to 

Prevent the inclusion of false positives. Between 2min and 8min there was good separation of 

chromatographic peaks but fewer detected when compared to plasma analysed by reverse phase 

chromatography. Due to the small number of chromatographic peaks and fewer AMRTPs (when raw 

data files were processed using MarkerLynx) for plasma analysed by HILIC-UPLC-MS/MS the decision 

was made to progress with any further analysis solely using RP-UPLC-MS.

In order to assess instrument performance from analysis runs, landmark compounds in plasma 

(validated using pure standards) were used to determine retention time stability and mass accuracy 

within runs. Retention time and mass accuracy of L-phenylalanine, L-tryptophan and glycocholic acid 

were determined for RP-UPLC-MS/MS, and creatine, creatinine and valine for HILIC-UPLS-MS/MS 

using ChromaLynx. As shown in Table 4.1 the mass accuracy for all standards in both RP and HILIC 

UPLC-MS/MS using Xevo G2 Qtof was excellent, with a maximum mass error of 1.28mDa for 

glycocholic acid. Furthermore, low standard deviations were observed for retention time stability 

indicating excellent repeatability in chromatographic analysis. For RP-UPLC-MS/MS the analysis was 

split into two separate analysis runs (Run 1-2 day 6 p.i. and Run 3 days 0, 2, 14 and 20 p.i). Despite 

metabolite extraction and analysis being performed on separate days the retention time deviation in the 

standards between the three RP-UPLC-MS/MS runs was very low, with a maximum deviation of 

0.03min in peak top time for glycocholic acid and a maximum retention time difference of 0.07mins 

between the runs. However, despite having similar average mass accuracy in replicate injections 

maximum mass error was slightly higher at 2.61mDa for tryptophan. The variations in mass accuracy 

between the runs were still within the MarkerLynx extraction parameters (0.02Da) and would therefore 

result in accurate peak matching between the two analysis runs.
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Figure 4.3: BPI chromatogram of plasma analysed by (A+B) RP-UPLC and (C+D) H1LIC-UPLC- 
MS/MS at day 6 p.i. For RP-UPLC-MS/MS intensity threshold is a maximum of 80,000 counts to 
reduce the influence of tryptophan (3.61 min) and observe a greater number of chromatographic peaks 
near the baseline. Plasma from non-vaccinated animals are indicated in figures A and C, and vaccinated 
calves in B and D. Peaks quality control standards for tryptophan, phenylalanine and glycocholic (RP- 
UPLC-MS/MS) acid creatinine, creatine and valine (HILIC-UPLS-MS/MS) are indicated.
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Table 4.1: Inter-run quality control parameters for plasma analysed using Xevo G2 Qtof by RP- 
UPLC-MS/MS and HILIC-UPLC-MS/MS. For RP-UPLC-MS/MS analysis runs peaks 
corresponding to L-phenylalanine, L-tryptophan and Glycocholic acid were analysed and for IIILIC- 
UPLC-MS/MS creatine, creatinine and L-valine were analysed. Average, min, max and Stdev for 
retention time and mass accuracy are reported.

Retention Time (mins) Mass Error (mDa)

Analysis Run Reference
Standard

Mean Min Max Stdev Mean Min Max Stdev

Phenylalanine 2.47 2.46 2.50 0.015 0.44 0.00 0.90 0.369

R P -U P L C -  
M S/M S Run 1

Tryptophan 3.61 3.61 3.62 0.004 0.51 0.00 0.87 0.324

Glycocholic Acid 7.72 7.72 7.72 0.000 0.73 0.25 1.28 0.358

Phenylalanine 2.45 2.44 2.45 0.004 0.38 0.11 0.66 0.249

R P -U P L C -  
M S/M S Run 2

Tryptophan 3.61 3.61 3.61 0.000 0.31 0.11 0.56 0.161

Glycocholic Acid 7.75 7.75 7.75 0.000 0.67 0.21 1.28 0.387

Phenylalanine 2.42 2.39 2.44 0.017 0.50 0.01 2.03 0.583

R P -U P L C -  
M S/M S Run 3

Tryptophan 3.58 3.56 3.58 0.006 0.60 0.03 2.61 0.758

Glycocholic Acid 7.71 7.71 7.72 0.005 0.39 0.00 1.13 0.325

Creatinine 2.45 2.44 2.46 0.007 0.23 0.01 0.59 0.161

H IL IC  U P L C -  
M S/M S

Valine 5.73 5.73 5.74 0.005 0.33 0.04 0.92 0.278

Creatine 6.37 6.36 6.39 0.010 0.22 0.01 0.34 0.091
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4.3.3 Selection o f metabolomic markers of response to B1MV-3 infection in vaccinated 

calves compared to BPIV-3 infected non-vaccinated calves by RP-UPLC-MS/MS

In order to identify potential metabolite markers which differed in the plasma of vaccinated animals 

compared to non-vaccinated animals after challenge with BPIV-3, raw data files obtained from 

metabolomics analysis using RP-UPLC-MS/MS were processed using MarkerLynx and analysed using 

SIMCA and MetabolAnalyst multivariate statistical analysis packages. Base peak intensity (BPI) 

chromatograms of plasma from a BPIV-3 infected vaccinated and non-vaccinated calve at day 6 

analysed by RP-UPLC-MS/MS are illustrated in Figure 4.3A-B. Only slight ditferences are observed 

between study groups (peaks at 4.99min and 8.51 min). For multivariate data analysis 3886 and 7690 

features were extracted from RP-UPLC-MS/MS raw data in analysis runs 1+2 (day 6 p.i.) and run 3 

(days 0, 2, 14 and 20 p.i.) respectively using MarkerLynx (Waters) and normalized to reduce variation 

caused in peak intensity between the two analysis runs. The dataset was filtered to exclude variables 

with coefficient of variation greater than 50% in replicate inter-run quality control pools. PCA models 

were constructed from 1167 and 1653 AMRTPs for analysis runs 1+2 and run 3 respectively. Figures 

4.4A-7A illustrates the results from unsupervised principle component analysis ol plasma analysed by 

RP-UPLC-MS/MS from BPIV-3 infected vaccinated and non-vaccinated calves at day 2, 6, 14 and 20 

P.i. Replicate injections were tightly clustered in the PCA scores plot, indicating low inter-run variation 

in peak intensity. At day 0 p.i. as expected separation of study groups was not possible when observing 

all PCs generated using SIMCA. Figure 4.4A illustrates the results for unsupervised principle 

component analysis of plasma from BPIV-3 infected vaccinated and non-vaccinated calves at day 2 p.i. 

Study group separation was achieved when observing PCs 5 and 7 accounting for 4.37% and 3.88% of 

the variation within the dataset (R2X) respectively. Figure 4.5A illustrates the results for unsupervised 

principle component analysis of plasma from BPIV-3 infected vaccinated and non-vaccinated calves at 

day 6 p.i. When assessing PCA models containing samples from both analysis runs the variation in 

principle component (PC) 1 was responsible for separation of the two analysis runs (62.7%). When the 

two analysis runs were treated separately PCI was responsible for 40.8% & 30.6% of the variation in 

run 1 and run 2 respectively. In the combined analysis PCA scores plot group excellent study group 

specific separation was observed in PC 2 and 3, accounting for 11.5% of the total variation in the 

combined dataset shown in Figure 4.5A. Figure 4.6A illustrates the results for unsupervised principle 

component analysis of plasma from BPIV-3 infected vaccinated and non-vaccinated calves at day 14 

p.i. Complete separation between study groups was observed in PCs 2 and 3, accounting for 13.9% and 

11.1% of the variation within the dataset respectively. Finally, figure 4.7A illustrates the results for 

unsupervised principle component analysis of plasma from BPIV-3 infected vaccinated and non- 

vaccinated calves at day 20 p.i. Complete separation was observed in PCs 1 and 2, accounting for 20.4% 

and 11.6% of the variation observed within the dataset.



Tlie insets from figures 4.4B-7B illustrate OPLS-DA score plots supervised discriminate 

analysis of plasma from BPIV-3 infected vaccinated and non-vaccinated calves at days 2, 6, 14 and 20 

P-i. respectively. The S-plots which illustrate the influence on the individual AMRPTs on the supervised 

discrimination of study groups at days 2,6.14 and 20 p.i. are illustrated in Figures 4.4B-7B respectively. 

Metabolite markers of response to BPIV-3 infection in vaccinated calves compared to non-vaccinated 

calves were selected using OPLS-DA supervised discriminate analysis. For the entire dataset cross- 

validation 2/3 of randomly selected dataset was used to generate an OPLS-DA prediction model. The 

remaining 1/3 was tested against the prediction model to ascertain class allocation ol the test set. I his 

was permuted twice more so that each animal was left out of the prediction models only once. Cross- 

validation resulted in 100% correct classification of test samples in prediction models at days 2, 6, 14 

and 20 p.i. This was not achieved at day 0 p.i. The amount of variation responsible tor the study group 

specific separation (R2X) was 4.82%, 6.15% 9.45% and 13.8% in models generated for days 2, 6, 14 

and 20 p.i. respectively. At day 2 p.i. R2X in OPLS-DA was similar to variation observed in PC5 

(4.36%) observed in PCA. At day 6 p.i. the amount of variation responsible for the study group specific 

separation (R2X) was comparable to the 6.42% variation observed in the unsupervised group separation 

observed by PCA PC2. All model exhibited excellent fit with 99.7%, 99.7%, 99.3% and 99.9% of the 

systemic variation observed in the Y component (R2Y) accounted for the separation in the XY 

component of the OPLS-DA of models generated at days 2, 6, 14 and 20 p.i. respectively.

At day 6 p.i. an OPLS-DA model was generated using the samples analysed in run 1 (prediction 

set) and refined to only include variables with FC > 1.5, and p < 0.05 between study groups. This model 

was used to determine class allocation of the samples analysed in run 2 (test set) and despite originating 

from different animals and extracted and analysed on different days the OPLS-DA model generated 

using the test set was sufficient to classify the test samples with 100% accuracy. The results of this 

cross-validation analysis are indicated in Table 4.2, and averaged YPredPS scores for the test animals 

were found to be higher (close to 1) in their correctly allocated study groups.

The AMRTPs which contributed to class discrimination were selected on a criterion of variable 

importance score (V.I.P.) score > 1 from OPLS-DA discriminate analysis. The AMRTPs were further 

filtered to select those with a fold change (FC) >1.5 and significant difference of (ANOVA with 

bonferroni post-hoc test) p<0.05 between study groups. Final selection of AMRTPs was performed by 

investigating raw data to determine those with good peak shape and consistent peak intensity (height) 

in replicate injections. 498 potential markers were selected for further analysis and parent ion 
identification.
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A  PCA Scores Plot - RP-UPLC-MS/MS day 2 p.i. ■  N o n - V a c c i n a t e dA  V a c c i n a t e d

B S Plot: Day 2 p.i. RP-UPLC-MS/MS

Figure 4.4: Unsupervised PCA scores plot, and supervised O PLS-DA  scores and S-plots of
plasma analysed at day 2 p.i. by RP-UPLC-MS/MS. Parent ions significantly different in
vaccinated calves compared to non-vaccinated calves are highlighted on the S-plot. 115
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PCA Scores Plot - RP-UPLC-MS/MS day 6 p.l. ■  N o n - V a c c l n a t e d  
A  A P o o l

A V a c c i n a t e d

B S-olot: Dav 6 o.i. RP-UPLC-MS/MS

Nasma analysed at day 6 p.i. by RP-UPLC-MS/MS. Parent ions significantly different in ]]6 
Vaccinated calves compared to non-vaccinated calves are highlighted on the S-plot.
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A  PCA Scores Plot - RP-UPLC-MS/MS day 14 p.i. ■  N o n - V a c c i n a t e d
A V a c c i n a t e d

B
S-plot: Day 14 p.l. RP-UPLC-MS/MS

pHJR 2 X [ 1 J  -  0 . 0 9 4 E
Figure 4.6: Unsupervised PCA scores plot, and supervised OPLS-DA scores and S-plots  ̂^
of plasma analysed at day 14 p.i. by RP-UPLC-MS/MS. Parent ions significantly different
in vaccinated calves compared to non-vaccinated calves
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A PCA Scores Plot - RP-UPLC-MS/MS day 20 p.i. ■  N o n - V a c c i n a t e d
A V a c c i n a t e d

S-Plot: Day 20 p.i. RP-UPLC-MS/MS

-04 -03 -02  -0.1 0 0.1 02 0.3
ip pIU
la*̂ C 4.7: Unsupervised PCA scores plot, and supervised OPLS-DA scores and S-plots of 

at day 20 p.i. by RP-UPLC-MS/MS. Parent ions significantly different in 
compared to non-vaccinated calves

Ia analysed
Cc'nated calves
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Table 4.2- OPLS-DA predictive statistics of 3 calves per study group (prediction set), and a test 
set of the remaining 3 calves per group at day 6 p.i. The predictive model was constructed using 
variables which had V.I.P. score > 1 , FC > 1.5 and p < 0.05 m supervised analysis of the unfiltered 
dataset generated from analysis of prediction set. The resultant model was employed to predict the study 
group of the test set.

Average (YPredPS)

Animal Group Non-Vaccinated Vaccinated

7546 Non-Vaccinated 0.95177175 0.0482273
7593 Non-Vaccinated 0.9769255 0.023075165

CDon 7596 Non-Vaccinated 0.9769255 0.023075165
toQJH 7564 Vaccinated 0.001905162 0.998095

7565 Vaccinated 0.06874348 0.9312564
7566 Vaccinated -0.0784631 1.0784625
7543 Non-Vaccinated 0.7836276 0.2163724

"5C/3 7574 Non-Vaccinated 0.9324096 0.0675905
co 7589 Non-Vaccinated 0.922838 0.07716184
tS 7541 Vaccinated -0.3414436 1.341442
8cu 7586 Vaccinated -0.2867284 1.286728

7594 Vaccinated -0.5217354 1.521736
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4.3.4 Selection of HILIC-UPLC-MS/MS nietabolomic markers of response to infection 

in vaccinated calves at day 6 p.i.

Despite not being selected as the method of choice for metabolomic analysis of all samples throughout 

the study, plasma sample at day 6 p.i. from BP1V-3 challenged vaccinated or non-vaccinated calves 

were analysed using HILIC-UPLC-MS/MS, processed using MarkerLynx and analysed using S1MCA 

and MetabolAnalyst multivariate statistical analysis packages. Base peak intensity (BPI) 

chromatograms of plasma from BPIV-3 infected vaccinated and non-vaccinated calves at day 6 analysed 

by HILIC-UPLC-MS/MS are shown in Figure 4.3. Unlike RP-UPLC-MS/MS there are no observable 

differences in the BPI chromatograms between the two study groups. 3094 features were extracted from 

raw data using MarkerLynx. The dataset was pre-filtered to exclude AMRTPs with coefficient of 

variation greater than 50% in inter-run quality control pools. PCA analysis was performed using 538 

AMRTPs and revealed a slight separation between vaccination study groups, however there was a 

degree of over-lap in the observed scores plot as illustrated in Figure 4.8A. The variation in PCI and 

PC2 accounted for 26.1% and 9.5% of the variation observed in the dataset respectively.

OPLS-DA cross validation was performed using the same method as RP-UPLC-MS/MS 

samples and the randomly selected 2/3 dataset could accurately predict remaining 1/3 test samples. The 

OPLS-DA scores plot and S-plot from the OPLS-DA model generated using the entire combined dataset 

is indicated in Figure 4.813. The amount of variation responsible for the study group specific separation 

(R2X) was 8.68%, comparable to the 9.47% variation observed in the unsupervised group separation 

observed by PCA PC2. Furthermore, the model exhibited excellent fit with 98.9% of the systemic 

variation observed in the Y component (R2Y) accounting for the separation in the component of the 

OPLS-DA. Potential metabolite markers of immune status were selected based on the same criteria as 

RP-UPLC-MS/MS analysis at day 6 p.i. and 8 potential markers (3 of which were selected as potential 

markers at day 6 p.i. with RP-UPLC-MS/MS) were selected for further analysis.
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PCA Scores Plot - HILIC-UPLC-MS/MS day 6 p.l. ■  Non-vaccinated
▲ Pool 
A Vaccinated

S-plot: Day 6 p.i. HILIC-UPLC-MS/MS

#C 6 H 1 9 N 2 0 2  

®Proplonylcarnatine 

O

R2x r i]

Figure 4.8: Unsupervised PCA scores plot, and supervised OPLS-DA scores and S-
plots of plasma analysed at day 6 p.i. by HILIC-UPLC-MS/MS. Parent ions
significantly different in vaccinated calves compared to non-vaccinated calves 121



4.3.5 Identification of potential biomarkers from RP-UPLC and HILIC MS/MS 

metabolomic analysis
The panel of markers AMRTPs were deconvoluted to identify parent ion mass. Function 1 and 2 data 

was screened to identify adducts and low energy fragments in co-eluting significant AMRTPs. The 

elemental composition of 19 significant AMRTPs selected at day 6 p.i. (13 from RP-UPLC-MS/MS and 

6 from H1LIC-UPLC-MS/MS) was determined in MassLynx under the same parameters in Chapter 4. 

The retention times and accurate masses of the selected potential markers at day 6 p.i. by RP and HILIC- 

UPLC-MS/MS are shown in Table 4.3, and RP-UPLC-MS/MS markers at days 0, 2, 6, 14 and 20 p.i. 

are shown in Table 4.4. The identification and validation of all potential biomarkers can be found in 

Appendix Figures 8.1-8.8.
For RP-UPLC-MS/MS analysis Uric Acid (UA), Hexahydrohippurate (HUA), Glycocholic 

Acid (GCA), Biliverdin (BLD), Cholic Acid (CA) and Lysophosphatidycholine (LPC) (16:0/0:0) were 

confirmed using pure standards, with putative identification of N-Methylhippuric Acid (NML1A), N- 

(cyclohex-1 -en-1 -ylcarbonyl)glycine (NCG), Enterolactone (EL), 3-inolepropionic acid (31PA), 

Bilirubin (BR), 3-oxocholic Acid (OCA), Chenodeoxycholic Acid (CDCA), Deoxycholic Acid (DCA), 

Hydroperoxyoctaeca-9,12-dienoic acid (11PODA), (N-[(3a,5(), 12a)-3,12-Dihydro xy-7,24-dioxocholan- 

24-yl]glycine (NDGCA), Phosphatidylchloine (PTC) (6:0/6:0), Lysohposphatidylcholine (LPC) 

LPC(18:2(9Z,12Z)), LPC(0:0/16:0), LPC( 18:0/0:0), LPC( 18:1(11 Z)/0:0) and LPC(17:0/0:0).

Significant differences in the plasma peak intensity between vaccinated and non-vaccinated animals can 

be seen in Tables 4.3 and 4.4. For plasma samples analysed using MILIC-UPLC-MS/MS we were able 

to obtain putative identification for the significantly different metabolites Isoleucine and 

Propionylcarnitine.

4.3.6 Temporal variation in the identified metabolite markers in the plasma of vaccinated 

calves compared to non-vaccinated upon BPIV-3 challenge

For markers identified by RP-UPLC-MS/MS the following results were observed. At day 2 p.i. CDCA, 

and DCA were significantly lower (FC of -4.00 and -1.96 respectively) in non-vaccinated calves. There 

were no significant differences observed in CDCA and DCA peak intensity values between study groups 

at day 0 p.i. From days 6-20 p.i. significantly lower levels of HHA (FC o f-9.46, -2.05 and 4.64 for days 

6, 14 and 20 p.i. respectively) and NCG (FC of -5.52, -3.59 and -10.79 for days 6, 14 and 20 p.i. 

respectively) were observed in non-vaccinated. Significantly higher levels of NMHA (FC = 2.46), BR 

(FC = 3.25), BLD (FC = 2.86), and OCA (FC = 3.4) were observed in non-vaccinated calves at day 6 

p.i. At day 14 p.i. significantly higher levels of NDGCA (FC = 1.74), PTC (FC = 3.11) and LPCs (FC 

= 2.99-9.35) were observed in non-vaccinated calves, with PTC remaining significantly higher (FC = 

2.77) until day 20 p.i. Significantly lower levels of EL (FC o f -1.92 and -2.35 at days 14 and 20

respectively) and FIPODA (FC o f-2.38 and -2.69 at days 14 and 20 respectively) were observed in noil-
122
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vaccinated calves at days 14 and 20 p.i. At day 20 p.i. significantly lower levels of GCA (FC = -1.85), 

CA (FC = -2.72) and UA (FC = -1.70) were observed in non-vaccinated calves. Interestingly, CA, OCA 

and COCA showed a similar trend in plasma peak intensity during the study, with a significant increase 

(P<0.05) from day 0-20 in vaccinated but not non-vaccinated animals. A significant correlation 

(p<0.001) was observed between the levels of HHA and NCG, with a Pearson’s correlation R2 of 0.9786. 

All markers identified by HILIC-UPLC-MS/MS at day 6 p.i. had significantly lower plasma peak 

intensity in non-vaccinated claves compared to vaccinated.

Table 4.3: Metabolomic markers capable of differentiating vaccinated from non-vaccinated calves 
infected with BPIV-3 at day 6 p.i. by HILIC-UPLC-MS/MS analysis of plasma. Markers were selected 
on the criteria FC > 1.5, p < 0.05 and V.I.P. score > 1. Fold change (FC) in plasma peak intensity in 
vaccinated animals relative to non-vaccinated is indicated with significance p < 0.05 *, p < 0.01 ** and 
P < 0.001 ***.

R T
(M ins)

M ass
(m /z)

FC 
V  vs 
N V

E lem ental
C om position
(M +H )

%  Fit
M ass
E rror
(m D a)

C om pound

2 .2146_403 .089 2.21 403 .09 0.60 ** C 1 7 H 1 5 N 4  0 8 93.52 0.3 U nknow n

5 .3 7 3 2 J 3 0 .0 8 6 5.37 130.09 0 .49  * C 6 H 1 2 N 0 2 100 - 0.1 U nknow n

5 .4 5 3 7 _ 1 18.087 5.45 118.09 0.38 * C 5 H 1 2 N 0 2 100 -0.2 U nknow n

6.1012_132.102 6.10 132.10 0.62 * C 6 H 1 4 N 0 2 100 -0.4 Iosleucine

6 .3 1 8 1 1 5 1 .1 4 5 6.32 151.15 0,30 *** C 6 H 1 9 N 2  0 2 100 0.2 U nknow n

6 .6 6 4 2 _ 2 18.139 6.66 218.14 0.65 * C 1 0 H 2 0 N 0 4 99.39 0.2 Prop iony lcarn itine
(PL C )
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Table 4.4: M etabolom ic m arkers iden tified  b y  R P -U P L C -M S/M S analysis o f  plasm a. M arkers were selected on the criteria F C  > 1.5, p  < 0.05 and  
V.I.P. score > 1. Significance p <  0.05 *, p <  0.01 ** and p < 0.001 ***.

F o ld  C h a n g e  (N o n -V a ccin a te d  vs V a cc in a te d )

A M R P T  I.D . Elem ental Com position (M + H ) %  F it M a ss E r r o r  (m D a) D a y  2 p.i. D a y  6 p.i. D a y  14 p.i. D a y  20 p.i. Com p ou nd

0.4262_151.1-44 C 6  H19 N2 0 2 100 -0 .3 -2.15 * -4 .7 6 * U nknow n

0 .5 7 8 1 J6 9 .0 3 6 C 5  H 5  N4 0 3 60 0 .7 -1 .7 0 * U ric  A cid (U A )a

3.0081 393.143 C 22  H21 N2 0 5 13 -0 .7 -3.36 ** U nknow n

4 .4 6 2 5 J  82.082 C 9 H 1 2  N 0 3 100 -0 .3 -10.01 * U nknow n

4 .5 7 J9 4 .0 8 1 9 C 1 0 H 1 2 N O 3 100 -0 .2 2.46* N -M ethy lh ippuric  A cid  (N M H A )

4.5786_227.082 C131111 N2 0 2 100 -0 .4 -3.21 *** -6.68 ** U nknow n

4.83_307.0793 C 1 5 H 1 5  0 7 50 -3 .6 7.38 * U nknow n

4 .8 4 9 8 J  84.098 C 9  H14 N  0 3 100 0 .4 -5.52 * -3 .5 9 * -10.79 * N -(c y c lo h e x -1 -e n -1 -y lca rb o n y l)g ly c in e  (N C G )

4.9774J 8 6 . 1 13 C 9  H 16 N  0 3 100 0.1 -9.46 *** -2.05 * -4.64 ** H exahydroh ippura te  ( H H A )a

4.99_276.1268 C 1 2 I I 2 2 N 0 4 S 60 -0 .7 3.46 ** U nknow n

5.1701_258.134 C 1 2 H 2 0 N O 5 97 0 j 1.7* -6.21 *** -3.56 * U nknow n

5.2707_299.129 C 1 8 H 1 9  0 4 51 0 .2 -1.92 * -2.35 * E ntero  lactone (EL)

5.6072_313.108 C 1 8 H 1 7  0 5 70 0.9 -1 .7 6 * -2.90 * U nknow n

6.0611 467.146 C 2 4  1123 N2 0 8 73 -0 .5 -1 0 .6 9 * * -8.72 * U nknow n

6 .4 0 J9 0 .0 8 6 9 C l l  1112 N  0 2 100 -0 .4 -2.40* 3-indo lep rop ion ic  acid  (3 IP A )

6.42 195.0398 C 8  H 7  N2 0 4 52 -1 .3 -2.20 ** U nknow n
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Table 4.4: Continued.

F o ld  C h a n g e  (N o n -V a ccin a te d  vs 
V accin ated )

A M R P T  l.D . E lem ental
C om position  (M + H )

%
F it

M ass
P > ro r
(m D a)

D a y  2 
p.i.

D a y  6 
p.i.

D ay 14 
p.i.

D a y  20 
p.i. C o m p o u n d

7.149_464.301 C 2 6  H 42 N  0 6 46 0.5 1.74 * N -[(3 a .5 ß , 12 a ) -3 ,12 -D ih y d ro x y -7 ,2 4 -d io x o ch o lan -2 4 -y ljg ly cin e  (N D G C A )

7.2479_255.077 C 1 4  1111 N 2  0 3 99 -0.5 -2.69 * -4.28 ** -4.42 ** U nk n o w n

7.40_585.2708 C 3 3  1137 N 4 0 6 89 0.5 3.25 * J B iliru b in  (B R )

7.6178_454.257 C 2 0  1141 N  0 8  P 19 0.5 3.11 * 2.77 * P T C (6 :0 /6 :0 )

7.7105_466.316 C 2 6  1144 N  0 6 97 -0.3 -1.85 * G ly co ch o lic  A cid  (G C A )a

7.8181_313.238 C 1 8  1133 0 4 95 0.4 -2.38 * -2.69 ** (9 Z ,1 2 Z )-(8 R )-8 -H ydroperoxyoc tadeca-9 ,12 -d ieno ic  sicid (H P O D A )

7.92_389.2691 C 2 4  1137 0 4 88 1 3.4 *** 3 -o x o ch o lic  acid  -1120 (O C A )

8.51_583.2611 C 3 3  1135 N4 0 6 27 1.3 2 .8 6 * B iliv e rd in  (B L D ) a

8.5231_817.582 2(C 2 4  1140 05)11 75 0.8 -2.72 * C h o lic  A cid  (D im er - no paren t) (C A ) a

9.6993_785.593 2(C 2 4  H 40 0 4 )  H 47 0.5 -4.00 * C h en o d eo x y ch o lic  A cid  (C D C A )

9.8046_375.29 (C 2 4  H 39 0 3 )  - H iO 100 0 -1 .8 6 * D e o x y ch o lic  A cid  (D C A )

10.1711 520.34 C 2 6  1151 N  0 7  P 13 0.8 5.61 ** L y so P C  (L P C ) (18 :2(9Z ,12Z ))

10.2941_496.34 C 2 4  1151 N  0 7  P 77 0.2 3.83 *** L y so P C  (L P C ) (0 :0 /16:0)

10.4957_496J4 C 2 4 I I5 1  N 0 7 P 4 -1 .3 2.99 ** L y so P C  (L P C ) (16 :0 /0 :0 ) a

10.5679_546.356 C 2 8  H 53 N  0 7  P 46 1.7 9.35 ** L y so P C  (L P C ) (18:0 /0 :0)

10.7965_522.356 C 2 6  H 53 N  0 7  P 97 0 3.95 *** L y so P C  (L P C ) (18:1(1 lZ )/0 :0 )

11.0181510.356 C 2 5  1153 N  0 7  P 43 0.2 2.23 * L y so P C  (L P C ) (17:0 /0 :0)
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4.4 Discussion
Current BPIV-3 infection screening methodologies lack the ability to determine whether infected 

animals have been successfully vaccinated and are therefore capable of mounting an appropriate 

immune response to infection. In this study untargeted metabolomics has been employed to determine 

whether analysis at the metabolome level is capable of differentiating between vaccinated and non- 

vaccinated animals challenged with a BPIV-3 infection. Vaccination with Pfizer Rispoval® PI3+RSV 

resulted in a stimulated IgG response characteristic of primary and secondary immune stimulation 

during the vaccine dosage stages (see Chapter 3). Upon BPiV-3 challenge this high IgG antibody titre 

was maintained in vaccinated animals indicating an adaptive primed immune response to infection. Non- 

vaccinated calves, however, showed no significant increases in BPIV-3 IgG antibody titre prior to BPIV- 

3 challenge, and a marginal significant rise in IgG BPIV-3 antibody titre upon BPIV-3 challenge, 

indicating no previous exposure to BPIV-3. A significant increase in lymphocyte counts and decrease 

in neutrophil counts was observed between day 0 p.i. and day 6 p.i. and with an opposite variation 

observed from days 6 to 12 p.i. There was also a significant rise in WCC in non-vaccinated animals at 

post-infection stages but not in vaccinated animals, which would indicate a stimulated immune response 

in the absence of prior infection.

Mass spectrometry analysis of plasma from B1V-3 challenged calves was performed by RP- 

UPLC-MS/MS and HILIC-UPLC-MS/MS and targeted profiling of known compounds in inter-run 

quality control pools revealed excellent mass and retention time stability in all analysis runs. The 

maximum mass error observed in samples analysed by Xevo G2 QTof was 2.6mDa. Furthermore, 

despite being analysed in separate analysis runs the maximum retention time deviation of the inter-run 

quality control pools was 0.05min. In combination these findings illustrate the robustness of UPLC- 

MS/MS for biomarker identification.

Preliminary analysis by RP-UPLC-MS/MS aimed to determine ifit was possible to differentiate 

non-vaccinated from vaccinated animals in an active BPIV-3 infection environment by untargeted 

metabolomics. Day 6 p.i. was chosen as a preliminary analysis time point as Peak virus titre in control 

animals occurs between days 4 to 6 days p.i. (Salt et al., 2007, Xue et al., 2010). Three animals per 

study group (designated prediction set) were analysed by RP-UPLC-MS/MS using Xevo G2 Qtof 

attached to an Acquity UPLC system. Unsupervised PCA and supervised OPLS-DA revealed good 

separation between study groups. A predictive model was generated based on the most important 

AMRTPs which resulted in group specific separation by OPLS-DA (p<0.05, FC>1.5, V.I.P. score > 1) 

and plasma from the remaining 3 animals per group (test set) was prepared and analysed under the same 

conditions but on different days. We were able to determine the vaccination/immune status of the six 

calves in the test set using the discriminate OPLS-DA model generated from the six animals of the 

prediction set with 100% accuracy. HILIC-UPLC-MS/MS was also performed on the same sample set 

at day 6 p.i. to improve the resolution of overlapping chromatographic peaks observed between 0-2min
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ill RP-UPLC-MS/MS analysis. Parent ion AMRTPs which gave good separation between study groups 

were identified using online database matching with Function 2 fragmentation data. Due to the small 

number of compounds identified by H1LIC-UPLC-MS/MS the decision was made to progress with any 

further analysis solely using RP-UPLC-MS/MS. As we were able to successfully differentiate BPIV-3 

infected animals from non-vaccinated animals at day 6 p.i. we also analysed plasma taken from a number 

of other time points (days 0, 2, 14 and 20 p.i.) by RP-UPLC-MS/MS only using Xevo G2 Tof to 

determine if this discrimination between study groups was possible at other time points. Study group 

specific separation by PCA and OPLS-DA was observed at days 2, 14 and 20 p.i. and AMRTPs resulting 

in this group discrimination were selected using the same parameters as day 6 p.i. indicating a 

differential response in plasma at the metabolome level as a result of an immune memory response to 

wild type antigen stimulation.

A number of metabolites were selected which showed altered abundance in the plasma of 

vaccinated animals compared to non-vaccinated upon BPIV-3 challenge at corresponding time points. 

33 parent ions were selected (illustrated in Table 4.4) of which we were able to obtain 22 identifications 

based on spectral matching against online databases//« silico fragmentation and of these a further 6 have 

been confirmed using pure standards. In particular based on the fragmentation patterns of the confirmed 

standards and those of those for putative IDs the unknown compounds are clearly members of the same 

class of compounds despite not being validated against pure compounds.

Six LPC derivatives were significantly up-regulated at day 14 p.i. in non-vaccinated animals in 

response to BPIV-3 infection compared to vaccinated animals. PTC(6:0/6:0) was also significantly up- 

regulation in non-vaccinated animals at days 14 and 20 p.i.. LPC is produced from PTC by a number 

of mechanisms. The LDL-associated enzyme PAH-AH oxidizes and fragments polyunsaturated fatty- 

acids of PTC at the sn-2 position and hydrolyses the short fatty-acid residue (Steinbrecher and Pritchard, 

1989). Lecithin-cholesterol acyltransferase catalyses the transfer of a fatty acid from PTC to free 

hydroxyl group of cholesterol (Aoki et ai., 2002). PTC can also be hydrolysed to LPC by secreted 

phospholipase A2, which is strongly increased during inflammatory conditions (Pruzanski et ah, 2005). 

LPC has immunomodulatory properties and has been shown to play a pro-inflammatory role through its 

potent chemoattractant properties for monocytes (Quinn et ah, 1988), phagocytes (Lauber et al., 2003) 

and T-lymphocytes (Radii et ah, 2004). LPC also has a role in stimulating the generation of mature DCs 

through the action of a G protein-coupled receptor with further ability to stimulate IL-2 and IFN-y 

production in T cells (Coutant et ah, 2002) indicating a role in innate to adaptive immune response 

progression. The significantly higher plasma peak intensities of LPC at day 14 p.i. in non-vaccinated 

animals could suggest an involvement in a systemic immune response to primary BPIV-3 antigen 

stimulation with DC recruitment to lymph nodes and subsequent DC driven T cell activation. As LPC 

is formed from PTC we would expect to see decreasing levels of PTC in line with increased LPC 

production. However, increasing levels were observed for PTC(6:0/6:0) in non-vaccinated animals,
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which were significantly higher than vaccinated animals at the later stages (days 14 and 20) of infection. 

There was a maximum 3 orders of magnitude difference in peak intensity in PTC compared to LPC in 

Plasma, and the increased PTC levels may be as a result of the increased demand for LPC at the later 

infection stages needed for generation of immune memory and the progression of adaptive immune 

response. Furthermore, the relationship observed in the changing PTC levels over time despite being 

elevated at day 14 and 20 p.i. did not have the significant down regulation observed in all the LPC peak 

intensity levels from day 0-2.

In Chapter 3 altered BLD levels were observed in response to secondary immune stimulation in 

calves. In the present study we observed a significantly lower peak intensity of BLD and BR in plasma 

°t non-vaccinated animals compared to vaccinated animals at day 6 p.i. BLD is degraded from heme 

by Heme Oxygenases (HO), and is further reduced to BR by Bilirubin Reductase (Ryter et al., 2006). 

in Chapter 3 this was observed two weeks after secondary vaccine dosage and it was hypothesized that 

the increased levels in vaccinated animals at this stage were due to the anit-inflammatory effect of BLD 

and Heme Oxygenases-1 (HO-1). However, in the present study the observation of both BLD and BR 

Would suggest that at day 6 p.i. there is increased oxidative stress leading to the release of heme groups 

into plasma were they are degraded to BLD and BR, leading to increased levels of both. To further 

strengthen this hypothesis we also observed a significant down regulation of 3IPA in non-vaccinated 

animals at day 6 p.i. 31PA is a reactive oxygen species scavenger (Hwang et al., 2009) produced through 

the deamination of tryptophan (Karbownik et al., 2001). Phagocyte activation by RNA viruses results 

in both increased ROS release and the release of pro-oxidant cytokines (TNF-ct and IL-1) which promote 

iron uptake by the mononuclear phagocyte system (Klempner et al., 1978, Schwarz, 1996). Decreasing 

Plasma 31PA levels in combination with increased BLD and BR levels in non-vaccinated animals at day 

6 P-i. could be a result of 31PA ROS scavenging of ROS produced by phagocytic, or downstream 

increased ROS production from cytokine signalling.

The lignan metabolite EL is formed in ruminants from Secoisolariciresinol Diglucoside (SDG) 

trough the action of colonic bacteria (Gagnon et al., 2009). EL is the main lignan metabolite present 

m ruminal fluid and in-vivo results have demonstrated that EL is excreted into blood, urine and milk 

(Gagnon et al., 2009). Decreased plasma peak intensity of EL was observed in non-vaccinated animals 

at days 14 and 20 p.i. Interestingly EL has been demonstrated to modulate immune response by acting 

0,1 nuclear factor-KB signalling (Corsini et al., 2010). High EL are also associated with reduced risk of 

frreast cancer (Guglielmini et al., 2012) and in vivo treatment of macrophage containing stromal tumours 

results in decreased IL-1 (i release (Lindahl et al., 2011). Despite having documented bioactive and 

nnmunomodulatory properties as EL is dietary derived and determining whether decreased EL levels in 

non-vaccinated animals at the later stages of infection are due to its uses as an immuno-modulatory 

compound, or if animals can use dietary EL, to modulate a stimulated immune response, requires further 
study.

__________________________________________________ Chapter 4
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GCA, OCA, CA, CDCA, DCA and NDGCA showed altered plasma peak intensity in non- 

vaccinated animals compared to vaccinated calves. All of these compounds are bile acids, and our 

previous research has shown altered abundance in plasma BA peak intensity as a result of primary and 

secondary immune stimulation (Chapter 3). CDCA and DCA were significantly lower in non- 

vaccinated animals at day 2 p.i. OCA was significantly up regulated in non-vaccinated animals at day 

6 p.i., and GCA and CA were significantly lower in non-vaccinated animals at day 20 p.i. NDGCA was 

significantly higher in non-vaccinated animals at day 14 p.i. CA, OCA and CDCA showed a similar 

'rend in plasma peak intensity during the study, with a significant increase (p<0.05) from day 0-20 in 

vaccinated but not non-vaccinated animals. As previously outlined in Chapter 3 BAs are now commonly 

thought of as signalling molecules, activating the nuclear and G protein coupled receptors FXR and 

TGR5 respectively. We hypothesized that GCA acts upon FXR resulting in receptor mediated anti

inflammatory effects (NK T-cell inhibition and decreased IFN-y production). In Chapter 3 a 

significantly higher levels of GCA were observed at weeks 1 and 2 post vaccine booster dosage. 

Significantly higher levels were observed in vaccinated calves at day 20 p.i., indicating a possible 

response similar to that observed in vaccinated calves in Chapter 3.

Significant differences in plasma peak intensity of NCG and HHA were observed in the study. 

Fhese compounds are the most promising in long term biomarker monitoring for differentiating non- 

vaccinated animals from vaccinated animals in an active infection setting. With direct confirmation 

Using pure standards HHA is the most promising, particularly as it occurs at high abundance in plasma 

compared to the other analytes and may provide a realistic marker for on-site based testing methods. 

hlCG and HHA are acyl glycine like compounds formed through the action of N-acetyl transferase. 

Significantly higher levels of HOPDA were observed in vaccinated study animals at days 14 and 20 

post-BPiV-3 challenge. The compound HPODA belongs to the family of octadecanoids and is a lipid 

involved in Linoleic acid metabolic pathway. Significantly higher levels of NMHA were observed in 

non-vaccinated calves at day 6 p.i. There are no previously reported immunomodulatory effects of these 

compounds, however, it is clear from the results obtained that there is a biological response to infection 

in vaccinated animals and NCH, HHA and HOPDA may either have an unknown immunomodulatory 

function or their levels are altered in plasma as downstream products of pathways altered during immune 

responses. Previously in Chapter 3 we have demonstrated a significant positive correlation between the 

levels of HHA and NCG in plasma, and this was maintained in the present study, indicating a possible 

homeostatic relationship for the formation of these compounds.

UA has been demonstrated as a potential marker of pneumonia and is thought to originate from 

the damage caused to cells within the respiratory tract. We would therefore expect to see these increased 

levels in the early stages of infection leading up to stages associated with peak load (i.e. days 2 to 6 p.i.). 

However, we observed significantly higher levels of UA in vaccinated calves at day 20 p.i.. In Chapter 

3 significantly higher levels of UA in vaccinated calves was observed 1 week after secondary vaccine

_____________________________ ______________________ Chapter 4
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dosage. If UA was to be a reliable marker we would have expected to see increased UA levels in 

vaccinated animals at day 6 p.i. and higher levels in non-vaccinated calves between days 14-20 in the 

adaptive immune response periods. As we did not see a similar relationship between the two studies it 

is unclear if UA would be a reliable marker, however in primary viral infections viruses are capable of 

impairing immune responses (such as antigen processing and chemical messengers) and therefore 

further in depth studies are required in this area to fully explore the complex interactions .

Significantly higher levels of PTC were observed in vaccinated calves relative to non-vaccinated 

at day 6 p.i. This significant up-regulation of PTC two weeks after booster vaccine treatment in 

immunized calves relative to non-vaccinated calves may be due to its anti-inflammatory effect in 

arresting pro-inflammatory leukocyte recruitment (Gasbarrini et al., 2003) in favour of adaptive immune 

response. This period in the initial study would have been associated with the development of an 

adaptive immune response, and it may be possible that secondary stimulation to the wild type pathogen 

>n vaccinated animals in the present study would elicit an adaptive immune response at day 6 p.i., 

therefore resulting in significantly higher P TC levels in vaccinated calves at day 6 p.i.

4.5 Conclusions
In this study we were able to identify 24 potential markers for differentiating animals that had previously 

received a vaccine from animals receiving a primary BPI3 infection challenge. A number of these 

compounds have previously been observed to have immunomodulatory properties. In particular the 

significantly higher levels of LPC at day 14 p.i. in non-vaccinated calves may be a possible marker 

indicating stimulation and generation of adaptive immune response. Significant differences in these 

markers were observed between study groups at all stages post infection with BP13 live virus challenge 

and profiling these markers in infected animals may allow not only determination o! vaccine status, but 

also infection staging. It was possible to differentiate vaccine status as early as day 2 p.i. with 

significantly lower levels of the BA, DCA and CDCA. Furthermore, NCG and HHA are of particular 

Importance, which despite not showing altered plasma levels until day 6 p.i. remain elevated in 

vaccinated calves from day 6 to 20 p.i. allowing a longer term differentiating of prior vaccination status. 

The identification of metabolite markers capable of differentiating vaccine status in infected animals 

will allow information to be gathered of significance in herd management ol BRD. These markers may 

allow for the identification of a range of infections for different diseases on a farm such as persistently 

infected animals within the herd and individuals who fail to respond to seasonal vaccination as part of 

herd health management schemes. As virus infected animals have reduced growth performance, and 

often require prophylactic antibacterial treatment (if the disease progresses to bacterial pneumonia), 

greater management of BRD is required to reduce economic losses.
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Chapter 5: The assessment of the responses to BPIV-3 challenge 

in the plasma of vaccinated and non-vaccinated calves using

‘shotgun’ proteomics
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5.1 Introduction
Bovine Respiratory Disease poses a significant economic burden to the agricultural industry due to the 

reduced growth performance of infected animals and the cost of treatment (Griffin, 1997, Snowder et 

al., 2006, van der Fels-Klerx et al., 2002). Vaccination is currently employed to manage the viral 

pathogens associated with BRD (BPIV-3, BRSV, BVD and BHV-1), however, it has been observed that 

vaccinated animals can still become infected with seasonal infection outbreaks (Kahrs, 2001). The early 

identification and isolation of animals which did not responded well to earlier seasonal vaccination 

during an infection outbreak (before the establishment of bacterial infection) may reduce the 

downstream costs associated with antibacterial treatment or carcass loss from death. This will also aid 

in improving herd level immunity by identifying and revaccinating or possibly removing those animals 

which fail to respond to vaccination and increase the disease protection within herds.

Identification of successfully vaccinated animals during infection will require the assessment of 

alternative markers to those that are currently used to determine pathogen exposure (i.e. viral RNA, 

neutralising antibodies and viral particles). DIVA (Differentiating Infection from Vaccinated Animals 

(Capua et al., 2003)) vaccines currently offer a possible solution for this through the screening of 

differential antibody responses produced between natural infection with the wild type virus and a DIVA 

vaccine. In comparison to a wild type virus, DIVA vaccines have a non-essential protein removed but 

can still induce an immune response and protection against wild type virus infections (Uttenthal et al., 

2010). In order to differentiate immune responses to DIVA vaccine compared to wild type virus 

infections a companion test is employed. This test allows for the assessment of antibodies which will 

only be generated against a wild type infection as DIVA vaccines will only produce an antibody response 

to the retained viral proteins and not those removed from the wild type virus. Recent advances in the 

application of DIVA vaccines for the control of the viral pathogens of BRD have focused on Bovine 

Viral Diarrhoea Virus (F3VDV) and Bovine Herpes Virus-1 (BHV-1) through the modification of 

glycoprotein ERNS and gE respectively (Schynts et al., 1999, Loy et al., 2013, Zhang et al., 2013, Oliveira 

et al., 2013, Anziliero et al., 2011). Bovilis™ IBR Marker Live and Rispoval® IBR-Marker Live 

(Efizer) are two currently available commercial DIVA vaccines for BHV-1; however, no DIVA research 

has been published for BRSV or BPIV-3 due to the presence of only essential genes (Peeters et al., 

2001). Despite Bovilis™ IBR Marker Live’s demonstrated good efficacy against wild type BHV-1, it 

has been observed that some DIVA vaccines may result in reduced efficacy (due to the removal of 

important immunogenic proteins which may induce a neutralizing antibody response (de Srnit, 2000)) 

compared to traditional attenuated vaccines (van Oirschot, 2003). Evaluation of BVDV DIVA vaccine 

has resulted in the production of neutralizing antibody titres to vaccine administration; however, vaccine 

efficacy in subsequent wild type BVDV challenge has not been evaluated (Loy et al., 2013). 

Furthermore, the application of DIVA vaccines for BRD diagnostic testing is limited by the requirement 

for sero-conversion and by the time detectable rises in antibody levels have been generated (i.e. 10-14
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days post-vaccination), significant damage may already have been done to the respiratory system in 

animals infected with wild virus during concurrent vaccination regimes, increasing the possibility of the 

establishment of a more severe bacterial infection in animals which fail to respond to vaccine treatment. 

DIVA vaccination screening therefore will only be useful in assessing herd level immunity alter 

exposure, and thus to identify those animals which have tailed to respond to vaccination alternative 

approaches are required.

In Chapter 4 it was demonstrated that differentiation of vaccination status in BPIV-3 challenged 

calves was possible through metabolomic profiling of plasma. Metabolites are downstream products of 

biological processes (see Chapter 1 Figure 1.3) and as changes in the metabolite level are present during 

a system wide response to infection, the levels of plasma proteins should in theory also be altered, 

furthermore, for downstream diagnostic applications protein markers allow tor more rapid direct 

antibody based detection mechanisms. Proteomic biomarker screening is the analysis of the relative 

abundance of proteins within a particular bio-fluid or tissue sample. Proteomic biomarker studies can 

cither employ 2D Gel Electrophoresis techniques for biomarker screening (as illustrated in Chapter 2) 

°r a Reverse Phase Liquid Chromatography-Mass Spectrometry (RP-LC-MS) approach, olten termed 

shotgun’ proteomics. ‘Shotgun’ proteomics involves the enzymatic digestion ol all proteins within a 

sample followed by reverse phase liquid chromatography-mass spectrometry (LC-MS) (Dowell et al., 

2008). ‘Shotgun’ proteomics studies have been employed for identification of a number ol markers in 

a range of diseases (Eyford et al., 2013, Liu et al., 2011, Dalrymple et al„ 2007, Zeng et al., 2011). 

Plasma is one of the most commonly employed bio-fluids for proteomic analysis due to its ease ol 

sampling and highly complex proteome, comprising many other tissue proteomes as subsets (Anderson 

and Anderson, 2002) therefore, making it an excellent choice for the study of disease markers. Disease 

markers, released from tissues into the circulatory system, are diluted amongst the vast and 

comprehensive plasma proteome and often occur at low concentrations within plasma samples 

(Anderson and Anderson, 2002). However, high abundance proteins (HAP) (the top 22 of which 

account for 99% of total protein content (Anderson and Anderson, 2002, Dwivedi et al., 2010)), may 

mask these low abundance protein (LAP) markers when analysed using proteomic techniques (Sasaki 

et al., 2002, Kennedy, 2002, Roche et al., 2009, Omenn et al., 2005, Hu et al., 2006, Polaskova et al., 

2010). Proteomic analysis for farm animal disease is a rapidly expanding area but still lags behind 

human disease studies, mostly due to the reduced availability of commercial kits for removal of high 

abundance serum proteins (Marco-Ramell and Bassols, 2010, Eckersall et al., 2012). for human disease 

studies the availability of multiple protein immunodepletion columns and kits (particularly MARS and 

Seppro®-IgY 14 and 20) (Bandow, 2010, Roche et al., 2009, Polaskova et al., 2010) allows for the 
removal HAPs for the study of low abundance protein markers. However, for bovine plasma no 

commercial multi-protein deletion kits are available and therefore combinations of depletion and 

fractionation techniques must be employed to remove HAPs for the selection and identification of 
protein markers.

Chapter 5
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The primary objective of this study was to perform ‘shotgun’ proteomic analysis to identity 

Proteins altered in the plasma of vaccinated or non-vaccinated calves alter BPIV-3 challenge. In order 

to investigate the potential of these proteins as diagnostic markers this study was separated into two 

separate phases as outlined in Figure 5.1. Phase I involved investigation of chemical and kit based 

methods for the depletion of high abundance proteins (HAP). In Phase 2, upon selection ol a suitable 

depletion technique the plasma of vaccinated (using Pfizer Rispoval® PI3+RSV intranasal vaccine) and 

non-vaccinated calves challenged with BPIV-3 was analysed by a 1D SDS-PAGE LC-MS/MS ‘shotgun' 

proteomic study. Findings illustrate the potential for multiple-kit based depletion methods to effectively 

remove high abundance proteins from bovine plasma and that levels ol protein markers in the plasma ol 

vaccinated or non-vaccinated calves after BPIV-3 infection have the potential to assess the immune 

status of animals aiding the management of respiratory infections in larm herds.
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The primary objective of this study was to perform ‘shotgun’ proteomic analysis to identify 

proteins altered in the plasma of vaccinated or non-vaccinated calves after BPIV-3 challenge. In order 

to investigate the potential of these proteins as diagnostic markers this study was separated into two 

separate phases as outlined in Figure 5.1. Phase 1 involved investigation of chemical and kit based 

methods for the depletion of high abundance proteins (HAP). In Phase 2, upon selection of a suitable 

depletion technique the plasma of vaccinated (using Pfizer Rispoval® P13+RSV intranasal vaccine) and 

non-vaccinated calves challenged with BPIV-3 was analysed by a 1D SDS-PAGE LC-MS/MS ‘shotgun’ 

proteomic study. Findings illustrate the potential for multiple-kit based depletion methods to effectively 

remove high abundance proteins from bovine plasma and that levels of protein markers in the plasma of 

vaccinated or non-vaccinated calves after BPIV-3 infection have the potential to assess the immune 

status of animals aiding the management of respiratory infections in farm herds.
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Figure 5.1: Schematic representation of study phases in order to address protein markers produced in response to infection in vaccinated 
animals. Phase 1, investigated protein depletion methods for the removal of high abundance proteins from bovine plasma. Phase 2, potential 
protein markers were investigated at day 6 p.i. using a ‘shotgun’ proteomic technique.
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5.2 Methods

5.2.1 Materials

LC-MS grade solvents purchased from Fisher Scientific (UK) were used for all liquid chromatography 

and mass spectrometry analysis. All other reagents were electrophoresis grade. Ammonium sulphate, 

acetonitrile and CHAPS were purchased from Fisher Scientific. DTT, urea and thiourea were purchased 

from GE Lifesciences (UK). All remaining reagents were purchased from Sigma Aldrich (UK).

5.2.2 Phase 1 - Evaluation of chemical and kit based depletion methods for the removal 

of high abundance proteins or enrichment of low abundance proteins from bovine plasma
Throughout all assays the protein concentration of raw plasma, depleted plasma and depleted proteins 

were assessed using Bradford protein assay as described previously (Chapter 2 section 2.2.6). 1D SDS- 

PAGE was performed as per Chapter 2 section 2.27 for investigation of chemical and kit based depletion 

methods for the removal of high abundance proteins. 20pg of sample was loaded per well in 11 cm TGX 

precast 4-15% SDS-PAGE gels (BioRad) and LSB colloidal staining performed as per Chapter 2 section 

2.2.8.4 to depleted plasma banding patterns.

5.2.2.1  C h e m ic a l d e p le tio n  o f  i n f ’ll A b u n d a n c e  P ro te in s  (IIA P ) in b o v in e  p la sm a

A pooled plasma sample generated from all study plasma samples (vaccinated and non-vaccinated 

groups at all time points as illustrated in Chapter 4 Figure 4.1) was prepared for evaluation of various 

protein depletion methods for the proteomic profiling of markers produced in plasma response to BPIV- 

3 challenge in vaccinated/non-vaccinated animals. Five published depletion methods were investigated 

which employed: TCA/acetone (Chen et al., 2005), ammonium sulphate (Mahn and Ismail, 2011), 

ethanol (Olver et al., 2010), acetonitrile and DTT (Fernandez et al., 2011). All depleted plasma samples 

were resuspended in 1ml of rehydration buffer (7M urea, 2M thiourea, 2% CHAPS) and stored at -80°C 

prior to protein quantification and ID SDS-PAGE analysis.

5.2.2. /. 1 10%  T rich lo ro a c e tic  A c id  (T C A )Z A cetone d ep le tio n  o f  H A P

A modified protein precipitation method for removal of albumin from serum using 10% TCA/Acetone 

(w/v) was employed (Chen et al., 2005). Briefly, 60pl of plasma was precipitated by addition of 240pl 

of ice-cold acetone containing 10% w/v TCA. The sample was vortexed briefly and incubated at -20°C 

for 90min. The sample was centrifuged at 15,000g at 4°C for 20min, and the depleted fraction 

supernatant containing predominately albumin was removed and collected. I ml of ice-cold acetone was 

added to the albumin depleted precipitate. The supernatant was removed, and the remaining depleted 

plasma (albumin removed) pellet was dried under a stream of nitrogen, resuspended and stored as 
described previously (section 5.2.2.1).
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5.2.2.1.2 A m m onium  Sulphate depletion o f  HAP

Ammonium sulphate depletion of high abundance proteins was performed using a modified protocol 

(Malm and Ismail, 2011). Briefly, 60pl of plasma was diluted to 150pl with PBS and shaken for 1 Omins. 

Ammonium sulphate was added to the solution to give a final concentration of 40% (w/v) in 1.5ml 

centrifuge tubes. The tubes were shaken for 1 Omins and left at room temperature for 30mins. The tubes 

were then centrifuged at 7,000g for 30min at room temperature. The supernatant was discarded and the 

precipitant was resuspended in 1 OOpl of rehydration buffer. The sample was then desalted using Protein 

Desalting Spin Columns (Pierce). Briefly, columns were inverted to suspend slurry and the bottom of 

the column was twisted off. The column was placed in a 2ml centrifuge tube and centrifuged at l,500g 

for lmin to remove excess liquid. Excess liquid was removed by blotting the bottom of the column on 

tissue paper. The column was placed in a clean 2ml centrifuge tube and the ammonium sulphate 

depleted plasma added. 20pl of lOmM PBS, pH 7.2 was added to the column and centrifuged at l,500g 

for 2min. The desalted depleted plasma (albumin removed) flow-through was collected and stored at - 

8()°C. The depleted fraction (containing albumin) was precipitated with 4x volume ol ice-cold acetone 

and dried under a stream of nitrogen, resuspended and stored as described previously (section 5.2.2.1).

5.2.2.1.3 Ethanol depletion o f  H AP

Ethanol depletion was performed using a modified protocol (Olver et al., 2010). Briefly, 53pi of 95% 

ethanol was added to 60pl of plasma and brought up to volume of 120pl to give a final concentration of 

42%. The solution was mixed gently at 4°C for 1 hr. The sample was then centrifuged at 13,000g for 

15mins to precipitate albumin. The depleted plasma pellet was dried under nitrogen and the depleted 

fraction supernatant was evaporated to dryness, resuspended in and stored as described previously 

(section 5.2.2.1).

5.2.2.1.4 Acetonitrile depletion o f  H AP

Acetonitrile depletion of high abundance proteins was performed using a modified protocol (Fernandez 

et ah, 2011). Briefly, 135pl of acetonitrile was added to 30pl of plasma to give a final concentration of 

57%. The sample was sonicated for lOmin in an ultrasonic bath. The samples were vortexed briefly 

and sonicated fora further lOmin. The protein was precipitated by centrifugation at 12,000g for lOmin 

at room temperature and the depleted plasma pellet was dried under nitrogen, resuspended and stored as 

described previously (section 5.2.2.1).

5.2.2.1.5 D TP depletion

DTT depletion of high abundance proteins was performed using a modified protocol. (Fernandez et ah, 

2011) Briefly, 11 pi of 500mM fresh DTT was added to lOOpl of plasma and vortexed briefly. The 

samples were incubated for 2hrs at room temperature until a white precipitate formed. The samples
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were centrifuged at I4,000g for 20mins and the depleted plasma supernatant and depleted fraction pellet 

separated, resuspended and stored as described previously (section 5.2.2.1).

5 .2 .1 2  K it b a a ed  d ep le tio n  m eth o d s  f o r  H A P  in  b o v in e  p la sm a

A number of commercially available kits were used for the depletion of high abundance proteins in 

bovine plasma. Bio-Scale™ Mini Affi-Gel® Blue Cartridge (BioRad) and Seppro®-BSA depletion 

spin column kit (custom order from Sigma Aldrich) aim to specifically deplete BSA from plasma. 

NAb™ Protein G (Thermo Scientific) aims to deplete Immunoglobulin. All samples were stored at - 

80°C prior to protein quantification using Bradford protein assay and 1D SDS-PAGE analysis.

5.2.111 Depletion of Immunoglobulin (IgG) using NAb™ Protein G depletion kit
NAb™ Protein G depletion Spin kit 0.2ml (Thermo Scientific) was used for the removal of 

Immunoglobulin (IgG) from bovine plasma. Plasma samples were filtered using 0.45pm centrifugal 

filter (Millipore) device to remove insoluble material. Sample preparation was performed as per 

manufacturer’s instructions. Brietly, columns and buffers were equilibrated at room temperature. The 

spin column was centrifuged at 5,000g for lmin and the How through was discarded. 400pl of binding 

buffer was added to the spin column, mixed briefly and centrifuged at 5,000g for Imin. The flow 

through was discarded and the step was repeated once more. The column was capped using the supplied 

rubber seal and 50pl of plasma was added to the spin column. The column was incubated at room 

temperature with end-over-end mixing for lOmins to allow for Immunoglobulin binding to Protein G 

resin. The spin column was placed in a clean collection tube and centrifuged at 5,000g for 1 min and the 

flow-through containing Immunoglobulin depleted plasma was collected for later use. For collection of 

the bound immunoglobulin fraction the column was transferred to a new collection tube, and 400pl of 

buffer was added. The contents of the spin column were mixed briefly to suspend the resin and 

centrifuged at 5,000g for lmin. This step was repeated twice for a total of three washes. 40pl of 

neutralization buffer was added to three 2ml collection tubes. 400pl of IgG Elution buffer was added 

to the spin columns, mixed gently and centrifuged at 5,000g for lmin. The spin column was then 

transferred to another collection tube containing neutralization buffer and the elution was repeated twice 

more for a total of three elutions. The column was regenerated by washing the column three times with 

400pl of Elution buffer followed by centrifugation at 5,000g for lmin. Seven consecutive IgG 

depletions were carried out per column. 5pl was removed from the flow-through of each successive 

depletion for analysis of reproducibility across consecutive depletions. The remaining IgG depleted 

plasma samples were pooled and protein concentration was determined using BCA assay. I he I rotein 

G bound fractions were pooled, evaporated to dryness and analysed to determine quantity of bound lgG. 
Samples were stored at -80°C prior to analysis.
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5.2.2 .2 .2  A ff in ity  d e p le tio n  o f  A lb u m in : A ff i-G e l B lu e  c a r tr id g es

A 5m! Bio-Scale™ Mini Affi-Gel Blue Cartridge (BioRad) was used for depletion of albumin from 

Plasma according to manufacturer’s instructions. Briefly, cartridges were attached to a vacuum 

manifold and a 20ml sterile syringe was fitted to the female fitting. Flow rate was maintained at 

approximately lml/min throughout. The cartridge was equilibrated with 20ml 20mM Na2HP04, pH 7.1 

and the flow-through was discarded. A clean glass test tube was used for collection and 300ml of plasma 

or IgG depleted plasma was loaded onto the cartridge. The cartridge was washed with 15ml of 20mM 

Na2HP04, pH 7.1 and the flow-through containing albumin depleted plasma was collected. Another test 

tube was applied to below the cartridge and 10ml of 1.4M NaCl. 20mM Na2HP04, pH 7.1 was used for 

elution of bound albumin. All flow-throughs were collected and lyophilized using a freeze dryer. For 

regeneration the flow rate was set to approximately 2ml/min. The cartridge was regenerated by applying 

10ml of 1.4M NaCl, 20mM Na2HP04, pH 7.1, washing with 10ml of 1.5M sodium thiocyanate, 20mM 

Na2HP04, pH 7.1 and following with 20ml of 20mM Na2HP04, pH 7.1. The flow rate was then reduced 

to lml/min for continuation of sample depletion. Both flow-through and bound fractions (depleted 

plasma and depleted fraction respectively) were resuspended in 300f.il prior to BCA assay analysis.

5 .2 .2 .2 .3  S e p p ro -B S A  d ep le tio n  o f  B o v in e  S e ru m  A lb u m in

Depletion of bovine serum albumin was performed using Seppro-BSA spin column kit (Sigma-Aldrich) 

as per manufacturer’s instructions. Briefly, the column was centrifuged at 2,000# for 30sec to remove 

storage solution. SOOpl of wash buffer (Tris-buffered saline, pH 7.4) was added to the column and 

vortexed briefly. The column was centrifuged at 2,000# for 30sec and filtrate discarded. 15pl of plasma 

was filtered with 0.45pm centrifugal filter device and diluted with 400f.il wash buffer. The diluted 

plasma sample was added to the spin column and mixed for 15mins. The column was centrifuged at 

2,000# for 30sec and the filtrate collected. Unbound proteins were removed by adding 400pl wash 

buffer, vortexing briefly and centrifuging at 2,000# for 30sec. The 5 filtrates (containing BSA depleted 

plasma proteins) were pooled and stored at -80°C. Bound proteins were removed by adding 500pl 

stripping buffer, mixing for 3mins and centrifuging at 2,000# for 30sec. The filtrate was collected and 

the stripping of bound proteins was repeated three times over a maximum of 15min. The filtrates 

(depleted fraction - IgY-BSA bound proteins) were pooled and stored at -80°C for further analysis. For 

column regeneration 600pl of neutralization buffer was added to the column and mixed lor 5mins. 1 he 

column was centrifuged at 2,000# for 30sec and the filtrate discarded. The column was washed twice 

with washing buffer prior to addition of the next sample.

5 .2 .2 .2 .4  P ro te o M in e r™  d e p le tio n  o f  H A P

ProteoMiner™ depletion was carried out using a ProteoMiner™ Large Capacity Kit (Bio-Rad) 

according to manufacturer’s instructions. Briefly, the column was centrifuged at 1,000# for lmin to
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remove storage solution. 600 gl of wash buffer was added to the column and mixed for 5min. After 

mixing the column was centrifuged at 1,000* for lmin. The fdtrate was removed and washing was 

repeated prior to loading 1ml of plasma. The column was mixed at room temperature for 2hrs. After 

mixing the column was centrifuged at 1,000* for lmin and the filtrate was stored at -80°C for further 

analysis. The column was washed with addition of600gl wash buffer and mixed for 5min. The column 

was then centrifuged at 1,000* for lmin and the f.ltrate discarded. This was repeated for a total of four 

washes prior to the elution of bound proteins. 600pl of dd-I hO was added to the column and mixed for 

1 min. The column was centrifuged at 1,000* for 1 min, the filtrate discarded and I OOgl of elution buffer 

added to the column. The column was vortexed several times over a period of 15min then centrifuged 

at 1,000* for Imin. Elution was repeated for a total of three times. I he filtrates containing enriched 

plasma proteins were pooled and stored at -80°C lor further analysis.

5.2.2.3  S ta tis tic a l  an  a  lys is

Two-way ANOVA with post-hoc bonferroni test was applied lor the analysis to compare the 

performance of the selected depletion methods in removing bulk protein content using Prism Graphpad 

(version 5).

5.2.3 Phase 2 - ‘Shotgun’ proteomic analysis of depleted bovine plasma samples
Plasma samples were taken from a BPIV-3 challenge study as previously described in chapter 4 section

4.2 2 and Figure 4.1. Plasma samples from non-vaccinated and vaccinated animals at day 6 post BPIV- 

3 challenge were selected for analysis. Samples for downstream LC-MS analysis and 96 well tryptic 

digestion were separated on 12.5% lab-cast SDS-PAGE at 100V for 150min at 25°C. Gels were 

removed from cassettes and fixed and stained overnight using an LSB colloidal staining method as 

described previously (Chapter 2 section 2.2.8.4).

5.2 J . /  C o m b in e d  d e p le tio n  o f  Im m u n o g lo b u lin  a n d  A lb u m in  fro m  b o v in e  p la sm a

The HAP were depleted from bovine plasma with a combined approach using NAb™ Protein G and 

Seppro®-BSA kit-based depletion methods outlined in sections 5.2.2.2.1 and 5.2.2.2.3 respectively, 

with slight modification. Briefly, 15gl plasma was diluted to a volume ol 400gl with 1 BS (pi 1 7.~). 

IgG depletion was performed as in section 5.2.2.2.I. 4 column flow-throughs (containing lgC. depleted 

plasma) were pooled and added drop-wise to 4 vol. ice cold acetone. Samples were maintained at -20 C 

for 2hrs, then centrifuged at 4,000* for 20mins to precipitate plasma proteins. The precipitate was 

resuspended in 400gl Tris-buffered saline, pH 7.4. BSA depletion of IgG depleted plasma was 

performed as in section S.2.2.2.3. Four column flow-throughs (containing lgG and BSA depleted 

plasma) were pooled added drop-wise to 4 vol. ice old acetone. Samples were maintained at -20°C for
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2hrs, then centrifuged at 4,000s for 20mins to precipitate proteins. Samples were resuspended in 500pl 

8M urea 2% CHAPS and stored at -80°C for further analysis.

S.2.3.2 1D SDS-PAGE ofAb and IgG depleted plasma samples and 96 well tryptic digestion
60pg of protein from albumin and lgG depleted plasma was loaded per well on 18cm, 12.5% lab cast 

SDS-PAGE gels. Gel casting and analysis was the same as the parameters outlined in Chapter 2 section 

2.2.8.1. The gels were stained with LSB colloidal stain overnight as in Chapter 2 section 2.2.S.4. Gel 

lanes were cut into 12 bands using a scalpel and in-gel trypsin digestion of gel bands was performed 

using a modified version of the method by Shevchenko et al„ 2006. Gel bands were cut into 1.5mm gel 

cubes and placed inside a well of a 96 well perforated plate (Glygen Corp, Columbia, USA). ddl hO 

was added to cover gel cubes and 96 well plates were mixed at room temperature for 30min to wash the 

gel cubes. Vacuum pressure was applied to achieve a maximum flow rate of lml/min and the filtrate 

was collected into a 96 well samples collection plate, 2ml (Corporation, Milford, MA, USA). Gel cubes 

were dehydrated using 150jil acetonitrile, vacuum pressure was applied and this was repeated until all 

gel pieces had shrunk and turned opaque. Proteins within the gel cubes were reduced with addition of 

lOOjil of freshly prepared lOmM DTT, 100mM ammonium bicarbonate at 56°C for 30min with mixing. 

The gel cubes were vacuum filtered to remove the liquid and cooled to room temperature. Two 150pl 

washes with acetonitrile were performed as before to dehydrate the gel cubes. Proteins contained within 

the gel cubes were then alkylated by addition of freshly prepared lOOpl 55mM iodoacetamide, lOOmM 

ammonium bicarbonate. Plates were incubated for 30min in the dark at room temperature. Gel cubes 

were then shrunk with 2 washes with 150pl acetonitrile and destained with 2 washes with 50% 

acetonitrile, 50mM ammonium bicarbonate (v/v) at 37°C for 2 hours with shaking. Once the bulk of 

coomassie staining was removed the gel cubes were dehydrated with 2 washed of 150pl acetonitrile. 

lOOpl of ice-cold sequencing grade modified trypsin (Promega) solution (prepared at a concentration of 

13ng/(.il in 10% acetonitrile, 1 OmM ammonium bicarbonate (v/v)) was added to the dehydrated gel cubes 

and placed on ice. After 90min 50pl of lOOmM ammonium bicarbonate was added to each well and 

incubated at 37°C for 16hrs. After incubation the liquid was removed into a 96 well 2ml collection plate 

(Waters) under vacuum. 150*11 of 5% formic acid, 95% acetonitrile (v/v): lOOmM ammonium 

bicarbonate (2:1) was added to each well of the plate and mixed for 30min at 37°C to extract peptides. 

This was repeated and the peptide extracts from each band were pooled. Peptides were dried in a MiVac 

concentrator overnight at 40°C and stored at -80°C prior to mass spectrometry analysis.

Chapter 5
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5 .2 .3 .4  U P L C -M S /M S  a n a ly s is  o f  1 D -S D S  P A G E  f r a c tio n a te d  It if; h a b u n d a n ce  p ro te in s  

d ep ic ted  b o v in e  p la sm a

UPLC-MS/MS was performed using a Dionex nanoUPLC system coupled to a Thermo XL Orbitrap. 

Dried Tryptic peptides were resuspended in 12f.il of 2% acetonitrile, 0.5% acetic acid, incubated at room 

temperature for 30niins and then aspirated 20-30 times to resuspend dried peptides. Samples were 

centrifuged at 2000g for 3min to remove air bubbles and transferred to 0.3ml polypropylene microvials 

(VWR International). 5 pi of each sample was loaded onto Biobasic Picotip Emitter (120 mm length, 

75 pm ID) packed with Reprocil Pur C l8 (1.9 pm) reverse phase media column. Chromatographic 

separation was carried out at a flow rate of 250nl/min with mobile phase consisting ol 97% H2O, 2.5% 

acetonitrile, 0.5% acetic acid (A) and 97% acetonitrile, 2.5% fhO, 0.5% acetic acid (B). From 0-7 

minutes 5 pi of sample was injected and loaded onto the column at a flow rate ot 1.5pl/min. At 7 minutes 

the mass spectrometer started to acquire data, 7 - 42mins 2 - 35% B at 250nl/min, 42 - 43mins from 35 

to 90% B at 250nl/min increasing to 600nl/min, 43 - 48mins isocratic at 90% B at 600nl/min, 48 — 49 

minutes at 90 - 1% B at 600 nl/min, 49 to 51 minutes at 1% B at 600nl/min. The mass spectrometer was 

operated in positive ion mode with a capillary temperature of 200 °C, a capillary voltage of 47 V, a tube 

•ens voltage of 215V and with a potential of 2000V applied to the frit. All data was acquired with the 

mass spectrometer operating in automatic data dependent switching mode. A high resolution MS 

scan (300-1600 Dalton) was performed using the Orbitrap to select the 7 most intense ions prior to 

MS/MS analysis using the Ion trap.

5 .2 .3 .5  D a ta  a n a ly s is

To identify proteins significantly different in the plasma of BPIV-3 challenged vaccinated calves 

compared to non-vaccinated the raw data from LC-MS analysis using LTQ Orbitrap was processed 

using MaxQuant version 1.4.1.2 (Max Planck Institute of Biochemistry, Martinsried, Germany) (Cox 

and Mann, 2008). A fixed modification of carbamidomethylation of cysteine residues and trypsin 

enzymatic cleavage was selected in Andromeda configuration. The 12 gel fractions were combined 

and peptides were identified using a Mascot search algorithm. Identification parameters were a protein 

false discovery rate of 0.01, minimum peptide length of 7 and a minimum of I unique peptide. Label 

free quantification was performed and the proteins corresponding to identified peptide sequences were 

searched against a combined Uniprot KB Bos taurus and Bovine Parainfluenza Virus-3 database. 

Perseus version 1.4.0.17, the statistical package for MaxQuant was used to analyse the data extracted 
for the identified proteins.

________________________ Chapter 5
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5 .2 .3 .6  P la sm a  p ro te in  fu n c tio n a l  c la ssifica tio n

The Panther database (version 8.1, http://www.pantherdb.org/) was used for functional classification of 

identified proteins. As the bovine proteome lacks comprehensive annotation as compared to the 1 luman 

proteome, missing functional classifications were determined from human homologues.

5.3 Results
5.3.1 Phase 1 - Evaluation of chemical and kit-based depletion methods for the depletion 

of high abundance proteins or enrichment of low abundance proteins

In order to select a suitable depletion method to improve the detection of LAP altered as a result of 

BP1V-3 challenge in vaccinated or non-vaccinated calves, chemical and kit based depletion methods for 

high abundance serum proteins were investigated by ID SDS-PAGE. Figure 5.2 illustrates the 

percentage of protein depleted from the original pooled plasma sample using each method. The 

ProteoMiner™ (98%) enrichment kit resulted in significantly greater (p<0.001) protein depletion 

compared to all other depletion methods. DTT (61.91%), ammonium sulphate (77.01%) and ethanol 

(56.95%) chemical depletion methods had significantly (pO.OOl) greater depletion than TCA/acetone 

(13.89%) and acetonitrile (10.5%) chemical depletion methods, and also the NAb 1 Protein G (25.4%), 

Affi-Gel® Blue (22.05%) and Seppro-BSA (36.1%) kit depletion methods. Ammonium sulphate 

resulted in significantly (pO.OOl) greater depletion compared to all other chemical based depletion 

methods. Seppro-BSA resulted in significantly (p<0.01) higher levels of protein depletion compared to 

TCA/acetone Affi-Gel® Blue, but not compared to NAb'M Protein G.

5 .3 .1 .1  C h em ica l b a se d  d ep le tio n  m eth o d s  f o r  H A P  p la sm a  p ro te in s

Selected chemical depletion methods were further investigated by 1D-SDS PAGE to determine the 

potential of each method to remove HAP for the identification of LAP protein markers. Figure 5.3 

illustrates the results from 6 replicate depletions using each of the respective chemical depletion 

methods. All these methods specifically aim to deplete albumin, however, it is clear that there is also a 

reduction in the levels of other proteins compared to non-depleted plasma. Similar to findings observed 

based on protein quantification, Figure 5.2, ammonium sulphate (Figure 5.3B), DI 1 (Figure 5.3C) and 

ethanol (Figure 5.3D) chemical based methods showed the greatest improvements in depletion of high 

abundance proteins, with a marked reduction in the intensity of the detected albumin band (indicated in 

Figures 5.3B, D and E, lane P) when compared to un-depleted plasma. Furthermore, the banding pattern 

for these methods was found to be consistent in all replicate sample depletions. Whilst showing some 

improvement in high abundance protein removal, the TCA/acetone and acetonitrile depletion methods, 

as illustrated in Figure 5.3A and 5.3E respectively, still indicated a high presence of albumin compared 

to other methods. Furthermore, solubility issues were encountered with the solvent based chemical 

depletion methods (TCA/acetone, ethanol and acetonitrile) due to protein pellet aggregation.
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Consequently, only DTT and ammonium sulphate depletion methods were selected for further 

comparison against commercial high abundance protein depletion kits.

Kit-based

Ü I 500mMDTT
ESS 40% Ammonium Sulphate
C 3  42% Ethanol
rrm 4vol 10% TCA1 Acetone
rm 57% Acetonitrile
I I NAb Protein G
E 3  Affi-blue
ESI Seppro BSA
mm Proteominer

Protein depletion method

Figure 5.2: Quantification of percentage of protein depleted in plasma using a variety of 
chemical and kit based high abundance protein depletion methods, l ive published chemical and 
4 kit based depletion methods were investigated. The percentage of protein depleted from plasma 
using each of the respective methods was determined using Bradford protein assay. Six replicate 
depletions were performed using each method and values represent mean ± S.E.M.
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Figure 5.3: Evaluation of chemical based 
depletion methods for high abundance 
plasma proteins by 11) SDS-PAGE. 20pg 
of protein was loaded per well in 11cm TGX 
4-15% precast SDS-PAGE gels. MW and P 
correspond to lOpl of Novex Sharp 
prestained molecular weight markers and 
20pg of undepleted plasma respectively. 
Lanes 1-6 represent replicate depletions. (A) 
4 vol. TCA/acetone, (B) 40% Ammonium 
Sulphate, (C) 500m M DPT, (D) 42% 
Ethanol and (E) 57% Acetonitrile. The 
bands correspinding to Albumin (Ab) is 
indicated.
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Figure 5.4 illustrates 1D-SDS-PAGE analysis of both the depleted plasma fractions as well as the 

proteins that were depleted with DTT and ammonium sulphate depletion methods. Two replicate 

depletions were performed for each method with an identical banding pattern produced for the replicates 

of each method. DTT depletion (Figure 5.4, lanes 1 and 2) resulted in an increase of protein bands 

(increasing the chances of detecting LAP) in the high molecular weight region (>60kDa) compared to 

ammonium sulphate (Figure 5.4, lanes 4 and 5), despite this method having a higher amount of protein 

depleted. With both methods there was a marked decrease in the band representing albumin. 1 lowever, 

analysis of the depleted proteins for DTT and ammonium sulphate in lanes 3 and 5 respectively reveals 

a high degree of non-specific depletion, which largely resembles the profile of un-depleted plasma as 

indicated in Figure 5.4 lane P.

Chapter 5

Figure 5.4: Evaluation of depleted plasma proteins using DTT and ammonium sulphate 
plasma protein depletion methods. 20pg of protein was loaded per well in 11cm TGX 4- 
15% precast SDS-PAGE gels. MW and P correspond to 10j.il of Novex Sharp prestained 
molecular weight markers and 20pg of undepleted plasma respectively. Lane 1-6 represent: 
(1 & 2) DTT depleted plasma, (3) proteins depleted from plasma using DTT, (4 & 5) 
ammonium sulphate depleted plasma and (6) ammonium sulphate depleted proteins. The 
bands correspinding to Albumin (Ab) is indicated.
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5 .3 .1 .2  K it b u se d  m e th o d s  f o r  H A P  a n d /o r  L A P  e n r ic h m e n t in  p la sm a

Several commercial based depletion kits were also investigated lor the removal of high abundance 

plasma proteins. Figure 5.5 illustrates the results from 1D-SDS PAGE analysis of the depleted plasma 

and respective depleted proteins with each kit. Figure 5.5A illustrates the ProteoMiner™ ‘equalizer’ 

depletion method, which in comparison to the other methods is a non-specific depletion technique which 

instead of reducing the levels of high abundance proteins, increases the relative levels of low abundance 

proteins. It was observed that the flow-through (i.e those proteins which did not bind to the 

ProteoMiner™ beads) fraction shared a remarkably similar profile to un-depleted plasma proteins. 

However, there was a major reduction in the levels of HAP and increased bands from LAP for proteins 

bound to ProteoMiner™ beads, and presented the greatest removal of high abundance proteins (which 

could potentially mask low abundance protein markers) of all the chemical and kit based depletion 

methods examined in this study.

The findings from the utilisation of the three protein-specific techniques are illustrated in Figure 

5.5B-D - Seppro-BSA and Affi-Gel® Blue kits aim to selectively deplete albumin from plasma, whilst 

NAb™ Protein G targets immunoglobulin. Figure 5.5B illustrates the findings from Affi-Gel® Blue 

depletion with the How through from the column (lane 3) indicating a marked reduction in albumin, 

whilst, the bound fraction (lane 4) reveals a high degree of non-specific protein depletion. In contrast 

Seppro-BSA depletion as illustrated in Figure 5.5D indicates a marked reduction in albumin and 

improved sample resolution (Figure 5.5D lane 1) with lower non-specific depletion of bound proteins 

(Figure 5.5D lane 4) compared to ProteoMiner™ and Affi-Gel® Blue. Figure 5.5C illustrates the 

findings from NAb™ Protein G depletion of immunoglobulin illustrating a marked reduction in the 

bands corresponding to IgG light (IgG LC) and heavy chains (IgG HC). Whilst the analysis of NAb™ 

Protein G bound proteins (Figure 5.5D lane 3) demonstrated a degree of non-specific binding, the 

majority of protein bands corresponded with IgG HC and IgG LC bands. Therefore, a combined 

depletion approach using both NAb™ Protein G and Seppro®-BSA depletion techniques, for the 

specific removal of Immunoglobulin and Albumin respectively, was investigated to assess if a combined 

depletion method could remove high abundance proteins to a level similar to ProteoMiner™ but with 

less non-specific depletion. This combined depletion, illustrated in Figure 5.5D lane 2, resulted in a 

significant increase in the number ol protein bands due to the removal ol HAT as analysed by ID SDS- 

PAGE compared to un-depleted plasma. Whilst demonstrating slightly lower resolution than 

ProteoMiner™ depletion, the selected approach resulted in lower non-specific binding of proteins and 

was selected as the depletion technique for subsequent downstream ‘shotgun’ proteomic analysis.

Chapter 5
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Figure 5.5: Evaluation of depleted plasma proteins by commercial kit based depletion 
methods. 20pg of protein was loaded per well in 11cm TGX 4-15% precast SDS-PAGE gels. 
MW and P correspond to 1 Oj.il of Novex Sharp prestained molecular weight markers and 20pg of 
undepleted plasma respectively. (A) ProteoMiner1Mdepetion kit: lane 1 spin column now- 
through; lane 2 bound proteins. (B) ProteoMiner1 Mand Affi-blue depletion kits; lane I 
ProteoMiner™flow-through; lane 2 ProteoMiner™bound; lane 3 Affi-blue flow-through; lane 4 
Affi-Gel® Blue bound. (C) NAb™ Protein G; lane 1 flow-through. (D) Seppro®-BSA and 
NAb™ Protein G depletion; lane 1 Seppro®-BSA fiow-though; lane 2 NAb™ and Seppro®-BSA 
combined flow-through; lane 3 NAb™ bound protein; lane 4 Seppro®-BSA bound protein. Bands 
correspinding to Albumin (Ab) and Immunoglobulin Heavy and Light Chains (IgG-HC and IgG- 
LC respectively) are indicated.
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5.3.2 Phase 2 - ‘Shotgun’ proteomic analysis of study samples using preferred depletion

method
In order to select protein markers capable of differentiating vaccination status in BPIV-3 challenged 

calves, a ‘shotgun’ proteomic study, i.e. a 2D separation by ID SDS-PAGE and LC-MS prior to mass 

spectrometry analysis, was performed. The first dimensional separation of plasma depleted by a 

combined NAb™ Protein G and Seppro®-BSA approach was performed by ID SDS-PAGE. 60pg of 

depleted plasma at day 6 p.i. from vaccinated or non-vaccinated calves challenged with BPIV-3 was 

separated on 12% lab-cast ID SDS-PAGE gels. The gels were stained using LSB colloidal coomassie 

staining method and cut into 12 fractions using as scalpel, as illustrated in Figure 5.6A and 5.6B. No 

visible differences were observed in the plasma from vaccinated animals compared to non-vaccinated 

animals after BSA and IgG depletion as illustrated in lanes 1 and 2 of Figure 5.6B.

A Apolipoprotein B100

Inter-alpha-trypsin inhibitor 
heavy chain III

Alpha-1-antitrypsin

Apolipoprotein H & Alpha-2- 
HS-glycoprotein

12

1 2
B

Figure 5 6- Fractionation of Albumin and Immunoglobulin depleted plasma by 11) SDS- 
PAGE Plasma was depleted with a combined Albumin and Immunoglobulin depletion method 
using NAb™ Protein G and Seppro-BSA depletion kits. 60pg of depleted protein was loaded per 
well in lab-cast 12.5% SDS-PAGE gels. The gels were run at 100V tor 2h30mins and stained 
using LSB colloidal coomassie staining method. (A) The gel was first cut into 12 equal horizontal 
bands then each lane cut in sequence before continuing to the next. 1 he lines on the gel image 
indicate the regions of gel which were present in each of the 12 tractions. The regions of protein 
markers identified using MaxQuant and Perseus arc indicated. (B) Representative gel image of 
depleted plasma from vaccinated and non-vaccinated animals with no visible differences. Lane 
1 = non-vaccinated animals, lane 2 = vaccinated animal.
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Each fraction underwent tryptic digestion and the resulting extracted peptides were analysed by nanoLC- 

MS using a Thermo LTQ Orbitrap. Acquired data was extracted using MaxQuant and 1390 peptide 

sequences were identified from 3750 MS/MS peptide spectra using the Mascot search algorithm against 

a combination of Uniprot KB Dos lawns and Bovine Parainfluenza Virus-3 database. 175 protein 

groups were identified from the obtained 1390 peptide sequences. For label Iree quantification, the total 

peak intensity of the detected proteins in all fractions per sample were combined during MaxQuant data 

extraction and selected as protein expression levels in Perseus. 1 hese expression levels (intensity) were 

Log2 transformed prior to analysis. A heteroscedastic /-test was performed to determine significant 

differences in peptide protein abundance between vaccinated and non-vaccinated study groups at day 6 

post BPIV-3 challenge. Figure 5.7 illustrates the peak intensity of Apolipoprotein B100, Alpha-1- 

antitrypsin, Alpha-2-FlS-glycoprotein, Apolipoprotein 11 and Inter-alpha-trypsin-inhibitor heavy chain 

Ml which were found to be significantly different (p<0.05) between study groups. These proteins were 

also shown to be present in the 1D SDS-PAGE gel fractions corresponding to their identified molecular 

weight as illustrated in Figure 5.6A. Fold change, p<0.05 (as assessed by heteroscedastic T-test), as well 

as Uniprot KB database identification results are illustrated in Table 5.1 and indicate good sequence 

coverage, with all proteins containing a high number of unique peptides. The high molecular weight 

proteins, Apolipoprotein B100 and Inter-alpha-trypsin inhibitor heavy chain HI, despite having 8 and 

15 unique proteins had low sequence coverage (1.6& and 17.3% respectively), which is a direct result 

of their extremely high molecular weights 515.75kDa and 101.24 kDa respectively). All proteins 

identified were found to be significantly (p < 0.05) down-regulated in vaccinated compared to non- 

vaccinated animals at day 6 p.i.

5.3.2.1 Functional classification of differentially expressed proteins as a result of BPIV-3 

challenge in vaccinated or non-vaccinated calves
Functional classification of the differentially expressed proteins was determined to greater understand 

the reasons for their altered abundance in the plasma of vaccinated or non-vaccinated calves after BP1V- 

3 challenge. Table 5.1 illustrates the functional classification (i.e. biological processes and molecular 

function) of the identified proteins as determined using the Gene Ontology tools PantherDB and 

AMIGO. As the Dos taurus reference database lacks the annotation of Homo sapiens, human 

homologues were searched for the functional annotation of inter-alpha-trypsin inhibitor heavy chain HI 

- for all other proteins the functional classification was searched against Dos taurus. When the 

differential relationships of altered plasma proteins were analysed for functional classification it is 

apparent that only Alpha-2-HS-giycoprotein and Apolipoprotein H are directly involved in immune 

system processes. Aplha-l-antitrypsin and Inter-alpha-trpysin inhibitor chain HI are both involved in 

the same biological processes and have similar molecular functions and may be a reason for the up- 

regulation of these proteins in the plasma of non-vaccinated animals after BPIV-3 challenge.

150



Chapter 5

Apolipoprotein B100 was found to be only associated with processes involved Lipid transport and 

metabolism.

A p o lip o p ro te in  B 100

* ________. E J  Non-vaccinated
C l  Vaccinated

A p o lip o p ro te in  H In ter-aplha-trypsln  inhibitor
heavv  chain H1

Figure 5.7: Selection of proteomic markers of immune response to BPIV-3 infection in 
vaccinated/non-vaccinated animals. Plasma was taken from animals at day 6 p.i. and processed 
to remove albumin and IgG for improved resolution. The sample was fractionated using a 2D 
approach, where by the sample was fractionated by ID SDS-PAGE in the first dimension trypsin 
digested and peptides separated by Liquid Chromatography in the second dimension. Significance 
* represents p < 0.05. Values represent mean Log2 peak intensity ± S.E.M.
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Table 5.1: Proteins identified to be significantly different between vaccinated and non-vaccinated animals at day 6 post BPIV-3 infection by ‘shotgun’ 
proteomic analysis. The Panther database (version 8.1, http://www.pantherdb.org/) was used for functional classification of identified proteins.

Fold 
Change 

Vaccinated 
vs Non- 

vaccinated

Sign if. 
(P)

#
Peptides

# Unique 
peptides

Mol.
weight
(kDa)

Sequence
coverage

(% )

Gel
Region Biological Process Molecular Function

E1BNR0
Apolipoprotein

B100 -3.32 0.012 8 8 515.75 1.6 1 Lipid transport; lipid 
metabolic process Lipid transporter activity

P I2763
Alpha-2-HS-
glycoprotein

-2.64 0.032 8 8 38.418 30.4 9

Immune system 
process; proteolysis; 
mesoderm
development; skeletal 
system development

Protein binding; cysteine-type 
endopeptidase inhibitor activity

PI 7690
Apolipoprotein

H
-2.17 0.039 6 6 38.252 20.3 9

Complement 
activation; signal 
transduction; cell-cell 
adhesion; proteolysis; 
signal transduction; 
blood coagulation

Serine-type peptidase activity; 
metatallopeptidase activity; 
receptor activity; lipid 
transporter activity

P34955
Alpha-1- 

antitrypsin
-1.70 0.046 19 19 46.103 39.4 8 Proteolysis

Protein binding; serine-type 
endopeptidase inhibitor activity

Q 0 V CM 5
Inter-alpha- 

trypsin inhibitor 
heavy chain H I

-2.12 0.049 15 15 101.24 17.3 2 Proteolysis Protein binding; serine-type 
endopeptidase inhibitor activity'

http://www.pantherdb.org/
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5.4 Discussion
In Chapter 4 it was observed that differentiation of vaccinated from non-vaccinated animals after BP1V- 

3 challenge was possible utilising the metabolomic analysis of plasma in samples up to the end of the 

study (20 days post infection). This current study aimed to select complimentary protein markers in 

plasma at day 6 p.i. Preliminary investigations focused on the removal of high abundance plasma 

proteins to improve the resolution for downstream ID SDS-PAGE LC-MS/MS analysis aimed at 

selecting putative markers. DTT and ammonium sulphate were identified as the most promising 

chemical based depletion techniques, and resulted in improved removal of HAP from plasma samples 

analysed by 1D SDS-PAGE. The protein banding pattern exhibited for depleted plasma was in line with 

published findings (Mahn and Ismail, 2011, Fernandez et al„ 2011). However, they did not examine 

the protein constituents within the depleted fraction and it is clear from our findings that despite showing 

promising depletion of HAP, there is also a high degree of non-specific depletion, which can result in 

the generation of false positives or negatives in biomarker screening studies (McGrath et al., 2013). Ot 

the kit based depletion techniques investigated, ProteoMiner™ equalizer technology resulted in a 

significant removal of high abundance protein bands and corresponding increases in the levels ol low 

abundance protein bands, illustrating its potential for providing adequate resolution for the investigation 

of lower abundance disease markers in plasma, and this is in concurrence with published findings 

(Marco-Ramell and Bassols, 2010). The reproducibility of ProteoMiner™ technology for bovine 

plasma has been investigated using ID SDS-PAGE and 2D GE previously (Marco-Ramell and Bassols, 

2010). Whilst replicate depletions showed good correlation by 2D GE, their results did illustrate small 

differences in the ID SDS-PAGE banding pattern, which would suggest that despite significant 

depletion of high abundance proteins the technique may not be suitable lor biomarker screening studies, 

due to the inclusion of false positive findings as a result of poor depletion reproducibility within a small 

number of replicates. As an alternative to ProteoMiner™, the use of both NAb™ Protein G combined 

with Seppro®-BSA for the specific depletion of IgG and Albumin respectively was investigated. This 

approach, whilst having lower depletion of high abundance proteins compared to ProteoMiner™, has 

shown the ability to improve the resolution of plasma for downstream proteomic analysis (Faulkner et 

al., 2011, Faulkner et al., 2012) and from our findings resulted in a lower-degree of non-specific binding. 

Consequently, from all the chemical and kit based depletion methods assessed by this study, a 

combination of lgG and albumin depletion utilising NAb™ Protein G and Seppro-BSA kits respectively 

was employed for the analysis of plasma samples to identify protein markers produced in response to 

BPIV-3 challenge in vaccinated or non-vaccinated animals.
‘Shotgun’ proteomic analysis of bovine plasma was performed for the selection of protein 

markers produced in vaccinated or non-vaccinated animals in response to BPIV-3 inlection. I lasma 

samples were depleted using a combined NAb™ Protein G and Seppro®-BSA depletion method and 

fractionated using ID SDS-PAGE prior to nanoLC-MS. 1390 unique peptides were identified,
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corresponding to 175 protein groups. In contrast to human plasma proteomic studies, which are aided 

by the higher number of human database entries (the Uniprot KB/ I'rEMBE human database consists of 

20,265 reviewed and 48,671 un-reviewed entries, compared to the 5,980 reviewed and 17,890 un

reviewed entries for Bos taurus), the findings illustrate comparative numbers of protein identifications. 

This is best illustrated in the study by Omenn et al., 2004 in which only analyses employing higher 

levels of protein depletion or two-dimensional peptide separation resulted in more peptide 

identifications in a plasma reference sample (Omenn. 2004). Only a small number of bovine studies 

have employed ‘shotgun’ proteomic analysis for biomarker identification. Seth et ah, employed 

acetonitrile depletion of albumin and immunoglobulin from bovine serum followed by Strong Cation 

Exchange (SCX) peptide separation and subsequent RP-LC-MS using QSTAR Pulsar I-Quadrupole 

TOF MS (Applied Biosystems) and identified a maximum of 146 proteins (Seth et ah, 2009). Sun et 

ah, employed 1D SDS-PAGE ‘shotgun’ proteomic analysis of plasma, without depletion but with I00pg 

of protein sample and the more sensitive Thermo LTQ Velos mass spectrometer, identified 138 proteins 

with at least 1 unique peptide (Sun et ah, 2013). Furthermore, Turk et ah, employed ‘shotgun’ plasma 

proteomic analysis without fractionation prior to RP-LC-MS and identified 34 unique proteins from 

lOOpg of plasma using a MaXis 4G ultra-high resolution time of flight mass spectrometer (Bruker- 

Daltonics) (Turk et ah, 2012). In comparison to published ‘shotgun’ bovine proteomic studies 

employing plasma or serum our findings illustrate an improvement in the number of detectable unique 

proteins in plasma through the combined depletion of immunoglobulin and albumin.

Five proteins were identified which were significantly higher in the plasma of non-vaccinated 

calves at day 6 post-BPIV-3 challenge compared to vaccinated calves: Apolipoprotein B100, Alpha-1 - 

antitrypsin, Alpha-2-FlS-glycoprotein, Apolipoprotein II and Inter-alpha-trypsin-inhibitor heavy chain 

HI (identified from a Uniprot KB combined Bos lawns and BPIV-3 database using the Mascott search 

algorithm). From Gene Ontology analysis the only proteins which can be directly linked to immune 

system processes which may account for their up-regulation in the plasma of non-vaccinated calves after 

BPIV-3 challenge are Apolipoprotein FI and Alpha-2-HS-glycoprotein. Furthermore, whilst not 

indicated in Gene Ontology annotations Alpha-1-antitrypsin is a positive anti-inflammatory acute phase 

protein (Daemen et al., 2000).

Apolipoprotein H (previously known as beta-2 glycoprotein 1) is a complement regulator that 

inhibits complement activation by mediating C3 degradation and C3b cleavage, playing a key role in 

regulating the alternative complement pathway (Gropp et al., 2011). Apolipoprotein H binds to plasma 

membranes (Niessen et al., 2000) and is recruited to the surfaces of apoptotic cells, which are eliminated 

by phagocytosis (Gropp et al., 2011). Upon binding to apoptotic cells Apolipoprotein FI can bind to C3, 

providing a binding site for factor FI mediated degradation of C3, thus mediating the non-infiammatory 

clearance of apoptotic cells (Gropp et al., 2011). The up-regulation of Apolipoprotein H at peak viral 

replication stages in non-vaccinated animals in this study may be an indicator of BPIV-3 induced 

respiratory tissue damage in animals that have no vaccine induced immune protection, whereas
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respiratory tissue damage will not have occurred in animals were protected against BPIV-3 infection by 

vaccination. Alpha-1-antitrypsin levels have been shown to increase in plasma within hours of infection 

or inflammation and functions by inhibiting proteases derived from degranulating neutrophils (Bergin 

et al„ 2012), playing an important role in protecting lung tissues from the adverse effects or proteases 

(Greene et al„ 2008, Tuder et ah, 2010). Alpha-2-HS-glycoprotein, also has an anti-inflammatory role 

through the inhibition of pro-inflammatory TNF-a production (Ombrellino et ah, 2001). The up- 

regulation of apolipoprotein H, alpha-1-antitrypsin and alpha-2-HS-glycoprotein at day 6 p.i. in non- 

vaccinated animals may serve as an indicator of an anti-inflammatory response to peak viral induced 

damage of the respiratory tissue in non-vaccinated animals upon BPIV-3 challenge and progression to 

an adaptive immune response. The increased levels of alpha-1-antitrypsin in non-vaccinated animals 

may be association with reduced circulating neutrophil levels as they are recruited to the site of infection 

at day 5 post-BPIV-3 challenge (as observed in Chapter 4 Figure 4.2D).

Extensive depletion and fractionation can result in the generation of false positives due to non

specific depletion (Patel et ah, 2012). This was observed in a study by McGrath et ah, where 7 proteins 

were selected as markers fro.n depleted plasma analysed by 2D GE -however, after quantitative analysis 

only 1 protein was shown to have the observed relationship in non-depleted plasma (McGrath et ah, 

2013). The up-regulation of proteins involved in anti-inflammatory responses suggests the transition 

from an innate to adaptive immune response but further validation and quantification is required to 

ensure that no false positive finding are selected resulting from depletion/fractionation related sample 

preparation strategies. Furthermore, with no discernable immediate involvement in immune responses, 

any potential roles of Apolipoprotein B 100 and Inter-alpha-trypsin inhibitor heavy chain HI will not be 

investigated until the up-regulation in non-vaccinated relative to vaccinated calves has been investigated 

using a targeted proteomic method.

5.5 Conclusions
In this study it was demonstrated that a combination of immunoglobulin and albumin depletion using a 

sequential NAb™ Protein G and Seppro®-BSA depletion method resulted in a marked reduction in the 

levels of high abundance proteins in bovine plasma. 1 his approach was applied to an un-targeted 

proteomic analysis, which resulted in the identification ol 5 protein marktis up-icguluted in the plasma 

of non-vaccinated calves compared to vaccinated calves at day 6 post-Bl IV-3 inlection challenge. A 

number of these proteins have published anti-inflammatory roles, and the shared up-regulation of these 

proteins in the plasma of non-vaccinated animals at day 6 post-BPIV-3 challenge indicates a potential 

transition from innate to adaptive response in response to infection. Further validation through 

quantification analysis of these proteins in plasma in larger number of animals over a more extensive 
infection timeline is required to determine the suitability and usefulness of these as markers in diagnostic 
tools for animal infection and vaccination efficacy monitoring.
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Chapter 6: Development of a targeted Ultra-Performance Liquid 

Chromatography-Mass Spectrometry method for the verification 

and relative quantification of protein biomarkers
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6.1 Introduction

Proteomic biomarker screening has been employed successfully in human medicine leading to 

improvements in diagnostic monitoring for a number ot diseases (Grossklaus et al., 2002; Napolitano et 

ah, 2001; Sasaki et ah, 2002; Whitehouse and Solomon, 2003; Zhang et ah, 2004). 2D Gel 

Electrophoresis (2D GE) and Reverse Phase Liquid Chromatography-Mass Spectrometry (RP-LC-MS) 

are the two most commonly employed proteomic biomarker discovery methods for selection of disease 

markers. In order to investigate the presence of diagnostic disease markers in routinely sampled bio- 

fluids, such as plasma, RP-LC-MS is predominately employed due to the presence of high-abundance 

proteins which may mask potential disease markers when performing 2D GE (as illustrated in Chapter 

1 Figure 1.6). Alternatively, 2D GE is more suited to in vitro proteomics studies, due to the reduced 

sample complexity, where potential disease markers may be assessed in future studies to determine their 

presence in diagnostic bio-fluids. RP-LC-MS proteomic analysis is often termed ‘shotgun’ proteomics 

and involves the fractionation and analysis of all peptides within a digested protein sample followed by 

recombination of the mass spectrometry derived dataset, extensive bioinformatical analysis and protein 

identification.
For ‘shotgun’ based proteomic techniques the depletion of high abundance proteins is routinely 

employed to facilitate the study of low-abundance protein markers (Bandow, 2010; Faulkner et al., 2011; 

Polaskova et al., 2010; Roche et al„ 2009). Subsequent fractionation may also be employed to improve 

sample resolution and to reduce the masking effects of co-eluting peptides derived from high abundance 

proteins when entering the mass-spectrometer, further increasing the potential to identify low abundance 

protein markers (Chiu et al., 2012; Dowell et al., 2008; Ernoult et al., 2010; Fanget al., 2010). However, 

these sample preparation strategies can result in variations due to non-specific depletion thereby 

affecting peptide recovery and the selection of potential markers, which upon further quantitative 

verification may not reflect the actual levels of these protein in non-depleted plasma between study 

groups (Fang et al., 2010; Liu et al., 2012; Liu et al., 2006; McGrath et al., 2013; Patel et al„ 2012; 

Rafalko et al., 2012). Therefore, verification of the findings from proteomic profiling is required to 

determine if the markers reported from these un-targeted studies are artefacts derived from depletion or 

fractionation processing strategies.

Proteomic marker studies have traditionally employed antibody based approaches, such as 

Western Blotting and ELISA to both verify protein marker identities and quantify observed biological 

relationships in more representative and extensive sample sets (Kijanka et al., 2009; Zangar et al., 2006). 

However, these techniques rely on the availability of selective antibodies for respective proteins (which 

may not be available for novel markers) and until recently researchers have only verified a small number 

of their reported biomarkers from proteomic studies which can often reveal 10-100s of putative 

candidates (Deng et al., 2010; Ernoult et al., 2010; Faulkner et al., 2012; He et al., 2003; Higa et al., 

2008; Lau et al., 2010). Furthermore, the cost of purchasing or if need be producing these antibodies if
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not commercially available, coupled to extensive hands-on sample preparation and assay optimization, 

together with antibody non-specific binding and cross-reactivity issues (Michaud et al., 2003) has 

necessitated the development of higher throughput low cost approaches lor protein marker 

quantification and verification.

Multiple Reaction Monitoring (MRM) has emerged as a promising tool for quantitative 

proteomics and as a verification method for protein markers identified trom untargetcd experiments as 

illustrated in Chapter 1 Figure 1.5 (Addona et ah, 2009; Addona et ah, 2011; Anderson and Hunter, 

2006; Bisson et ah, 2011; Gerber et ah, 2003; Keshishian et ah, 2007; Keshishian et ah, 2009; Lange et 

ah, 2008; Malmstroem et ah, 2009; Prakash et ah, 2010; Whiteaker et ah, 2011 a; Whiteaker et ah, 2011 b; 

Whiteaker et ah, 2010). This technique has lower reagent cost and higher throughput (e.g. enabling the 

multiplex evaluation of up to 100 proteotypic peptides in a single analysis run (Ludwig et ah, 2012)) as 

compared to conventional ELISA and Western Blotting methods. A number of studies have recently 

applied targeted MRM analysis for protein marker verification and the technique has been shown to 

have excellent linearity of up to 5 orders of magnitude (Picotti et ah, 2009) even in samples of high 

complexity such as plasma (Kuzyk et ah, 2009; Ludwig et ah, 2012). For biomarker verification MRM 

based assays are therefore preferable for the screening of significant numbers of markers selected from 

preliminary ‘shotgun’ proteomics studies. Specifically, for bovine studies, where the range of 

commercial antibodies or recombinant protein standards are not widely available or are highly 

expensive, the development of MRM based techniques will allow for higher throughput marker 

verification and improved dissemination of valid research findings to the agricultural industry. The 

application of targeted MRM proteomics to the agricultural industry is most notable in the study by 

Bislev et ah, where targeted MRM was employed to quantify key protein markers of host-response to 

mastitis in mammary tissue (Bislev et ah, 2012).

Triple Quadrupole (QqQ) mass spectrometers are typically employed for MRM based assays as 

precursor peptide and fragment ions selected using quadrupoles 1 and 3 respectively allow for the 

measurement of specific precursor ion transitions as a result of collision induced dissociation 

(quadrupole 2) (reviewed by (Lange et ah, 2008; Ong and Mann, 2005). Software analysis tools such 

as Skyline (MacLean et ah, 2010a; MacLean et ah, 2010b) and MRMpath (Crasto et ah, 2013) allow for 

the in silico fragmentation of peptides and selection ot potential y-ions, which can be used for the 

generation of precursor/fragment transitions. Furthermore, MRMpath can be used to perform a Blast 

search using the enzyme digested proteins to determine which peptide sequences are unique and 

therefore suitable for MRM analysis. A particular precursor/fragment transition may not be specific as 

similar signals may derive from other peptides with similar precursor/fragment ion pairs with similar 

masses (Lange et ah, 2008). Assessment of proteotypic peptides is dependent on the observation of co

eluting chromatographic peaks representative of the assessed MRM transitions. As the numbers of 

transitions are increased the probability of false identifications is significantly reduced and in general 3
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transitions per peptide are selected (typically y-ions midway along the peptide length) for verification 

purposes (Ludwig et al., 2012).

Previously in Chapter 5 the proteins Apolipoprotein 13100, Alpha-1-antitrypsin, Alpha-2-HS- 

glycoprotein, Apolipoprotein H and Inter-alpha-trypsin-inhibitor heavy chain HI were identified by 

‘shotgun’ proteomics as potential markers of response to L3P1V-3 challenge in vaccinated/non- 

vaccinated animals at day 6 post challenge. Additionally, in Chapter 2 the proteins Phosphoprotein P, 

T-complex protein 1 subunit theta and 14-3-3 protein beta/alpha were selected from an in vitro model 

of I3PIV-3 infection as candidate markers which may be released from infected cells in vivo and hence 

detectable in circulating bio-fluids such as plasma. This study aims to develop a targeted multiplex 

MRM method for the relative quantification and verification of these protein markers in plasma. 

Saccharomyces cerevisiae Alcohol Dehydrogenase (yeast ADH) will be employed as a model protein 

for extraction method and MRM parameter optimization. Employing this optimised MRM method, the 

highest intensity peptides obtained for the protein markers identified in Chapters 2 and 5 will be assessed 

in plasma to determine their relative quantities (to an external yeast ADI I calibration curve) in the 

plasma of BPIV-3 challenged vaccinated (using Pfizer Rispoval® P13+RSV intranasal vaccine) or non- 

vaccinated calves at days 0, 1,2, 5, 6, 14 and 20 post-challenge, as illustrated in Chapter 4 Figure 4.1. 

Verification of these protein markers will help to improve the differentiation ol infected animals within 

vaccinated herds, providing significant improvements to diagnostic monitoring and management of

b r d .
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6.2 Methods

6.2.1 Materials

LC-MS grade solvents purchased from Fisher Scientific (UK) were used for all liquid chromatography 

and mass spectrometry analysis. DTT and iodoacetamide were purchased from GL Lifesciences. All 

other reagents were LC-MS grade and purchased from Sigma Aldrich.

6.2.2 Experimental design and sample collection

All animal studies were carried out as in Chapter 4 Section 4.2.2. Figure 4.1 illustrates the experimental 

design and sample collection days. Platelet poor plasma samples taken from previously vaccinated and 

non-vaccinated study groups (prepared as in Chapter 3 section 3.2.2) at days 0, 1,2, 5, 6, 14 and 20 post 

BP1V-3 challenge were analysed by targeted MRM analysis to quantify selected protein markers from 

Chapters 2 and 5.

6.2.3 Development of a targeted proteomic method for the quantification of selected 

protein markers in plasma

A targeted protein quantification method employing multiple reaction monitoring (MRM) ultra- 

performance liquid chromatography-mass spectrometry (UPLC-MS) was developed for the 

quantification of identified protein markers in plasma. Sample preparation and UPLC-MS analysis was 

optimized using yeast ADH and dilutions of yeast ADH over the range lOOpM to lOpM (either in buffer 

or spiked into plasma) were analysed to determine assay linearity.

6 .2 .3 .1  In -so lu tio n  try p tic  d ig es tio n  o fp r o te in s  f o r  ta rg e te d  M R M  a n a ly s is  by  U P L C -M S /M S  

10pl of yeast ADH (lOOpM to lOpM) prepared in lOOinM ammonium bicarbonate was diluted to a 

volume of 100f.il with lOOmM ammonium bicarbonate. For analysis of the plasma matrix effect on 

extraction linearity, 20fil of 1:9 ddFLCLplastna was also added. Reduction of proteins was performed 

by addition of 10f.il of lOOmM DTT, lOOntM ammonium bicarbonate and the sample was incubated at 

60°C for 30mins. After incubation samples were cooled to room temperature and incubated in the dark 

with 10fil of 200mM iodoacetamide, lOOmM ammonium bicarbonate for 1 hr to alkylate cysteine 

residues. After incubation, 5pl (for yeast ADH) or 50f.il (for yeast ADH spiked in plasma) of sequencing 

grade trypsin (Promega) prepared at a concentration of80fig/ml in 10% acetonitrile, lOmM ammonium 

bicarbonate was added. Samples were incubated at 37°C for 16hrs. After incubation 10f.il of 10% 

Formic Acid was added to stop the reaction and peptides were purified and concentrated by C l8 solid 
phase extraction (SPE).
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6 .2 .3 .2  C l  H S P E  o f  p e p tid e s

SPE was performed using an Einpore Cl 8 96 well SPE plate (Sigma Aldrich). I he vacuum pressure 

applied throughout maintained a How rate ot lml/min through the sample plate. lOOpl ot 0.1% formic 

acid, 99.9% acetonitrile was added to each well of the plate to wet the C18 resin. After 30sec 200pl 

0.1% formic acid (wash buffer) was added to each well and drawn through the plate into a collection 

plate. Phis was repeated prior to the addition of in-solution digested samples to individual wells. 

Vacuum pressure was applied to the plate and the sample was drawn through to the collection plate. 

This was repeated twice to allow for maximal binding of peptides to the C 18 resin. I he plate was then 

washed with 200pl of wash buffer. The peptides were eluted with three washes of 150pl 0.1% formic 

acid, 60% acetonitrile. The combined eluates were dried using a MiVac (GeneVac) operating at 40°C

h2o .

6 .2 .3 .3  In s ilica  try p tic  d ig es tio n  o f  y e a s t  A D H  a n d  se lec tio n  o f  M R M  p a ra m e te rs

In silico fragmentation and selection of MRM transitions was performed using Skyline (MacCross Lab 

Software, Department of Genome Sciences, University of Washington School of Medicine) and are 

illustrated in Table 6.1. Collision energy was calculated using the formula CE = 0.03*m/z + 2.905 for 

doubly charged precursor ions and CE = 0.038*m/z + 2.281 for triply charged precursor ions (MacLean 

et al., 2010a; MacLean et al., 2010b). The predicted tryptic peptides for the yeast ADM were BLAST 

searched using MRMpath to determine that peptide sequences were unique and corresponded to only 

the investigated protein (Targeted Metabolomics & Proteomics Laboratory, University of Alabama at 

Birmingham, Department of Pharmacology and Toxicology, USA).

6 .2 .3 .4  T a rg e ted  a n a ly s is  o f  p e p tid e s  by  U P L C -M S /M S

Dried peptides were reconstituted in 20j.il 0.1% formic acid, 3% acetonitrile, 96.9% lt20 . The sample 

was aspirated approximately 30 times then sonicated in a water bath. 8pl of sample was injected onto 

an ACQUITY UPLC® CSHT130 C18 column (100mm x 2.1mm i.d., 1.7pm, 130A; Waters 

Corporation, Milford, MA, USA). Column and autosampler temperature were maintained at 30°C and 

8°C respectively. Chromatographic separation was carried out at a flow rate ot lOOpl/min with mobile 

phase consisting of 99.9% U20, 0.1% formic acid (A) and 99.9% Acetonitrile, 0.1% formic acid (B). 

The elution gradient was as follows: 0 -  1 min isocratic at 1% of B, 1 -  30 min linear gradient from 1 - 

45% of B, 30 -  31 linear gradient from 45 - 95% of B, 31 -  33 min isocratic at 95% of B, 33min at 

isocratic 1% B and finally 33 -  35 min isocratic at 1% of B. Mass spectrometry was performed using 

a Waters Quattro Premier QqQ (Milford, MA) operating in positive-ion mode (ES1+) with the capillary 

voltage set to 3000V and the sampling cone voltage 35 V. The desolvation, collision and cone gas flows 

were set at 500 L/h, 0.3 ml/min and 50 L/h respectively. Source and desolvation temperatures were
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120°C and 400°C respectively. Inter-channel and inter-scan delay were maintained at ().005s, scan range 

at 0.5Da, and dwell at 0.025s for all peptides.

6.2.4 Targeted proteomic analysis of selected protein markers in study samples
The 5 highest intensity peaks observed for each protein identified by ESI+ LC-MS using Thermo LTQ 

Orbitrap analysis were selected for screening of proteotypic peptides lor downstream targeted proteomic 

analysis. A pooled plasma sample (comprising equal parts of all study samples) was screened to refine 

the selected proteotypic peptides for analysis in a single injection. The MRM transitions for the highest 

intensity peptides which were evaluated for protein quantification are illustrated in 1 able 6.2. Extraction 

method reproducibility and repeatability for the selected protein markers was investigated by performing 

6 replicate extractions using the pooled plasma sample on 3 separate days. Plasma samples were 

analysed from BPIV-3 challenged, vaccinated or non-vaccinated calves (n=6) at days 0, 1,2, 5, 6, 14 

and 20 p.i. as illustrated in Chapter 4 Figure 1.4.

6.2.5 Data analysis ami identification
For targeted peptide analysis by UPLC-MS, ANOVA with bonferroni post-hoc test was performed for 

statistical analysis using Prism Graphpad (version 5). Statistical analysis of temporal changes in protein 

levels between the study groups throughout the study was assessed using a paired two-tailed 1-test. 

TargetLynx was used for the extraction of raw data and analysis. Integration parameters were: retention 

time window 0.2min, mean smoothing, width 3, 3 iterations, automatic apex peak tracking and 

integration window extend ot 5.
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6.3 Results

6.3.1 Development of a targeted proteomic method for the quantification of selected 

protein markers in plasma
A targeted proteomic method was developed for the quantification of proteins in plasma. Yeast A DU 

was used as a model protein and spiked into plasma for the quantification (based on averaged peptide 

intensities of the top 3 abundance peptides).

6 .3 .1 .1  S e lec tio n  o f  p r o te o ty p ic  p e p tid e s  f r o m  y e a s t  A D H  f o r  u se  a s  an  in te rn a l try p tic  

d ig es tio n  c o n tro l

Yeast ADH was used as a model protein for the optimisation of UPLC and mass spectrometer parameters 

for the analysis of proteotypic peptides. A 35min analysis run was selected with separation of peptides 

over a linear 29min gradient of increasing acetonitrile concentration from 1 -  45%. Skyline collision 

energy (CE) and cone voltage parameters were evaluated. The CE employed in Skyline was calculated 

using the formula CE = 0.03*m/z + 2.905 for doubly charged precursor ions and CE = 0.038*m/z + 

2.281 for triply charged precursor ions (MacLean et al., 2010a; MacLean et al., 2010b). The tryptic 

peptides selected from in silico digestion using Skyline as outlined in Table 6.1 were analysed using the 

optimised UPLC and mass spectrometry parameters. Dwell time was set to 0.025s to maximise analysis 

points across chromatographic peptide peaks. The analysis revealed good chromatographic separation 

of the proteins between 10 and 20mins as illustrated in Figure 6.1 A. The peaks corresponding to the 

peptides S1S1VGSYVGNR.2,1GDYAGIK.2 and VVGLSTLPEIYEK.2 were found to have the highest 

intensity as well as overlapping peaks for the relative y-ion transitions as illustrated in Figure 6.1B-D 

respectively.
The 3 highest intensity peaks were selected for further analysis to determine assay linearity. 

Assay linearity of the yeast ADH peptides was evaluated by performing tryptic digestion and Cl 8 SPE 

of 1 Opil volumes of yeast ADH over the concentration range lOOpM to lOpM (n^?). Furthermore, to 

investigate the effect of extraction and analysis linearity on proteins in plasma lOpl of yeast ADH over 

the same concentration range was spiked into 10j.il of plasma. The raw data was extracted and processed 

using TargetLynx and integrated peaks areas were analysed using Graphpad PRISM to determine the 

range of assay linearity. For the peptides S1S1VGSYVGNR.2, 1GDYAGIK.2 and 

VVGLSTLPEIYEK.2 the assays were linear over the range of lOOpM to lOnM as indicated in Figure 

6.2A, with linear regression indicating a positive relationship between integrated peak area and initial 

protein concentration prior to extraction and R2 values of 0.9536, 0.9715 and 0.9449 were obtained for 

the 3 peptides respectively.

The peak areas of the peptides were averaged to give an average intensity of the most abundant 

peptides and to allow for downstream quantification. Using averaged peptides the calibration curve 

resulted in an R2 of 0.9704 by linear regression and is illustrated in Figure 6.213. The yeast ADH spiked

__________________________________________________Chapter 6
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into plasma was also found to be linear over the same ranges with an R2 of 0.9905 as indicated in Figure 

6.2B. Furthermore, there were no observable effects on the levels of ADM peptides recovered from 

plasma compared to ADH only in buffer.

Table 6.1: Protcotypic peptides generated from in silico tryptic digestion of yeast ADH for the 
optimisation of UPLC and mass spectrometer parameters for the targeted quantification of 
plasma proteins.

Peptide sequence + charge
Precursor
mass (m/z)

Product mass 
(m/z)

Collision
energy

Ion
name

ANELL1NVK.2 507.30 828.52 18 y7
ANELL1NVK.2 507.30 699.48 18 y6
ANELLINVK.2 507.30 586.39 18 y5
LPLVGGHEGAGVVVGMGENVK.2 1010.04 1159.61 33 y 12
LPLVGGHEGAGVVVGMGENVK.2 1010.04 1088.58 33 yll
LPLVGGHEGAGVVVGMGENVK.2 1010.04 1031.56 33 y 10
IGDYAGIK.2 418.73 723.37 15 y7
IGDYAGIK.2 418.73 666.35 15 y6
IGDYAGIK.2 418.73 551.32 15 y5
VLGIDGGEGK.2 472.76 732.35 17 y8
VLGIDGGEGK.2 472.76 675.33 17 y7
VLGIDGGEGK.2 472.76 562.25 17 y6
SIGGEVFIDFTK.2 656.84 998.52 23 y8
SIGGEVFIDFTK.2 656.84 869.48 23 y7
SIGGEVFIDFTK.2 656.84 770.41 23 y6
DIVGAVLK.2 407.76 586.39 15 y6
DIVGAVLK.2 407.76 487.32 15 y5
DIVGAVLK.2 407.76 430.30 15 y4
ANGTTVLVGMPAGAK.2 693.87 942.54 24 ylO
ANGTTVLVGMPAGAK.2 693.87 843.48 24 y9
ANGTTVLVGMPAGAK.2 693.87 730.39 24 y8
C[+57.0]C[+57.0]SDVFNQVVK.2 678.31 948.51 23 y8
C[+57.0]C[+57.0]SDVFNQVVK.2 678.31 833.49 23 y7
C[+57.0]C[+57.0]SDVFNQVVK.2 678.31 734.42 23 y6
SISIVGSYVGNR.2 626.34 851.44 22 y8
SISIVGSYVGNR.2 626.34 752.37 22 y7
SISIVGSYVGNR.2 626.34 695.35 22 y6
EALDFFAR.2 484.75 768.40 17 y6
EALDFFAR.2 484.75 655.32 17 y5
EALDFFAR.2 484.75 540.29 17 y4
VVGLSTLPEIYEK.2 724.41 992.53 25 y8
VVGLSTLPEIYEK.2 724.41 891.48 25 y7
VVGLSTLPEIYEK.2 724.41 778.40 25 y6
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A

Figure 6.1: Analysis of yeast ADH peptides by UPLC-MS/MS. (A) Separation of 
proteotypic peptides over a 35min increasing acetonitrile gradient, (B) y8, y7 and y6 
transitions for the peptide VVGLSTLPE1 YEK.2, (C) y8, y7 and y6 transitions for the peptide 
S1SIVGSYVGNR.2 and (D) y7, y6, y5 transitions for the peptide IGDYAG1K.2.
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Figure 6 2: Linearity o f Yeast ADH extraction and analysis using UPLC-MS/MS. 1 he three 
highest intensity tryptic peptides from yeast ADH were extracted using 96 well C l8 SPE. (A) 
Extraction^ Hne^rity  ̂for' fold dilutions of peptides IGDYAGIK.2 SISVGSYVGNR.2 and 
VVGLSTLPE1YEK 2 over a range lOOpM to lOpM, n=3. (B) Averaged peak intensity for the top 
3 peptides of ADH prepared in buffer and ADH spiked into plasma over the range lOOpM to lOpM.
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6.3.2 Targeted proteomic analysis of selected protein markers in study samples

MRM based targeted proteomics was applied to verily previously identified protein markers from 

Chapters 2 and 5. In Chapter 2 the proteins Phosphoprotein P, T-complex protein subunit theta and 14- 

3-3 protein beta/alpha were selected as potential diagnostic markers lor BPIV-3 infection in vivo from 

an in vitro BPIV-3 disease model. In Chapter 5 the proteins Apolipoprotein B100, Alpha-1-antitrypsin, 

Alpha-2-HS-glycoprotein, Apolipoprotein H and Inter-alpha-trypsin-inhibitor heavy chain HI were 

identified as significantly different in the depleted plasma ol BPIV-3 challenged vaccinated calves 

compared to non-vaccinated. This study aimed to verity the presence of these protein markers in plasma 

of BPIV-3 challenged calves and to investigate alterations in their levels in the plasma of vaccinated or 

non-vaccinated calves at days 0, 1,2, 5, 6, 14 and 20 post BPIV-3 challenge.

6.3.2.1 Optimisation o f sample preparation procedures for the targeted proteomic analysis 

o f selected protein markers
The five highest intensity peptides identified using nanoLC-MS with the I hermo L I („) Orbitrap tor the 

selected protein markers identified in Table 2.1 and Chapter 2 were screened for the selection of 

proteotypic peptides. Table 6.2 illustrates the MRM parameters for these peptides, with collision energy 

calculated using Skyline. A pooled (generated from equal appoints of all experimental samples) plasma 

sample was first screened using these MRM parameters to select the proteotypic peptides (i.e. the highest 

intensity peaks present in the sample upon trypsin digestion). Table 6.2 illustrates the proteotypic 

peptides which were selected for each protein. 3 peptides were selected for the proteins: Apolipoprotein 

H, AI pha-2-HS-glycoprotein, Alpha-1-antitrypsin, and Inter-alpha-trypsin inhibitor heavy chain HI. 

However, 2 peptides were only detected for T-complex protein 1 subunit theta and 1 for Apolipoprotein 

B100, and Phosphoprotein P, possibly due to peak intensity levels below detectable limits of the mass 

spectrometer. 14-3-3 protein beta/alpha was not detected which may result from its low abundance 

within infected cells at 48hrs p.i.

For extraction method optimisation repeatability was tested using 6 replicate extractions and 

reproducibility performed (using a pooled plasma sample) by repeating the analysis on 3 separate days 

using fresh reagents. Table 6.3 illustrates the results from verification of the proteotypic peptides, with 

Figure 6.3 illustrating the separation of all these peptides in combined multi-analyte mass spectrometry 

method. As the preparation of deuterated standards (which could be used for correcting for variations 

in peptide recovery) for each of the peptides was not possible, peptides corresponding to the self

digestion products of trypsin cleavage were included to investigate whether correction of the obtained 

values would reduce extraction variation. Without correction by the use of internal standards, 

repeatability and reproducibility for the peptides was found to improve when assessing the average peak 

intensity for the proteotypic peptides for each protein. Correction using peptide VATVSLPR.2, derived 

from trypsin self-digestion, resulted in improvements in repeatability and reproducibility for the
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majority of proteins, as illustrated in Table 6.3. However, for Phosphoprotein P and Inter-alpha trypsin 

inhibitor alpha chain HI showed increased, although marginal, percentage coefficient of variation 

(%CV) from 22% to 25% and 7% to 8% respectively. Peptide LSISETYDLK.2 was shown to have high 

%CV (36-113  %), however when taken in combination with the other peptides from the protein the 

%CV ranged from 10-17 for the 3 runs. For all proteins (with the exception of Phosphoprotein P) after 

correction with trypsin, %CV of the averaged peptide intensity for each protein was under 15%.

________________________ Chapter 6
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Figure 6,3: Separation of the 20 proteotypic peptides illustrated in Table 6.3,
Proteotypic peptides for the biomarkers identified in Table l were selected for the 
quantification analysis in a single analysis run. Results illustrate the chromatographic 
separation of the selected peptides over an increasing acetonitrile gradient ( I -  30 min 
linear gradient from 1 - 45% acetonitrile)
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Tabic 6.2: MRM parameters for the selection of proteotypic peptides for identified 
protein markers. MRM parameters were selected for the protein identified in Table I and the 
candidate protein markers selected in Chapter 2 using Skyline.

Peptide sequence + charge precursor in/z product m/z collision energy Ion name

T-complex protein 1 theta - T C P Q  B O V IN

Y N IM L V R .2 454.75 745.44 16 y6
Y N 1 M L V R .2 454.75 631.40 16 y5
Y N IM L V R .2 454.75 518.31 16 y4

T V G A T A L P R .2 443.26 628.38 15 y6
T V G A T A L P R .2 443.26 557.34 15 y5
T V G A T A L P R .2 443.26 456.29 15 y4

E D G A IST 1 V L R .2 587.33 801.52 21 y7
E D G A IS T IV L R .2 587.33 688.44 21 y6
E D G A IS T IV L R .2 587.33 601.40 21 y5

F A E A F E A IP R .2 575.80 803.44 20 y7
F A E A F E A IP R .2 575.80 732.40 20 y6
F A E A F E A IP R .2 575.80 585.34 20 y5

A N E V IS K .2 380.71 689.38 13 y6

A N E V IS K .2 380.71 575.34 13 y5
A N E V IS K .2 380.71 446.30 13 y4

Inter-alpha-trypsin inhibitor heavy chain H l - ITIH1 B O V IN

E V S F N V E IP K .2 581.31 846.47 20 y7
E V S F N V E IP K .2 581.31 699.40 20 y6
E V S F N V E IP K .2 581.31 585.36 20 y5

L T Y E E V L R .2 511.78 808.42 18 y6
L T Y E E V L R .2 511.78 645.36 18 ys
L T Y E E V L R .2 511.78 516.31 18 y4
G S L V Q A S P A N L E A A R .2 742.40 928.48 26 y9
G S L V Q A S P A N L E A A R .2 742.40 841.45 26 y8
G S L V Q A S P A N L E A A R .2 742.40 744.40 26 y7
D V E L L Y P R .2 502.77 790.45 18 y6
D V E L L Y P R .2 502.77 661.40 18 y5
D V E L L Y P R .2 502.77 548.32 18 y4
L W A Y L T IQ E L L A K .2 781.45 1028.64 28 y9
L W A Y L T IQ E L L A K .2 781.45 915.55 28 y8
L W A Y L T IQ E L L A K .2 781.45 814.50 28 y7

169



Chapter 6

Tabic 6.2: Continued...

precursor m/z product m/z collision energy Ion name
Phosphoprotein P - E5LP67JPI3B

ITSWNILNSESGSR.2 782.39 1076.53 28 ylO
ITSWNILNSESGSR.2 782.39 962.49 28 y9
ITSWNILNSESGSR.2 782.39 849.41 28 y8
AITLLQNLGVIQSAAK.2 820.49 1128.64 29 yll
AITLLQNLGVIQSAAK.2 820.49 1000.58 29 ylO
AITLLQNLGV1QSAAR.2 820.49 886.54 29 y9
LDLYQDK.2 447.73 781.37 16 y6
LDLYQDK.2 447.73 666.35 16 y5
LDLYQDK.2 447.73 553.26 16 y4
LNQIQNEILSLK.2 706.91 1057.63 25 y9
LNQIQNEILSLK.2 706.91 944.54 25 y8
LNQIQNEILSLK.2 706.91 816.48 25 y?
SLIIIINNSNLSSR.2 772.44 1004.51 28 y9
SLIIIINNSNLSSR.2 772.44 891.43 28 y8
SLIIIINNSNLSSR.2 772.44 777.38 28 y7

Apolipoprotein BI00 - E1BNR0 BOVIN
LIGLTDNALK.2 529.32 774.44 19 y7
LIGLTDNALK.2 529.32 661.35 19 y6
LIGLTDNALK.2 529.32 560.30 19 y5
IVVSTYLENLK.2 639.87 967.51 23 y8
IVVSTYLENLK.2 639.87 880.48 23 y7
IVVSTYLENLK.2 639.87 779.43 23 y6
IPSFQINFK.2 547.31 980.52 19 y8
IPSFQINFK.2 547.31 883.47 19 y7
IPSFQINFK.2 547.31 796.44 19 y6
ISALVQVR.2 443.28 685.44 15 y6
ISALVQVR.2 443.28 614.40 15 ys
ISALVQVR.2 443.28 501.31 15 y4

14-3-3 protein beta/alpha - 1433B BOV1N
NLLSVAYK.2 454.27 680.40 16 y6
NLLSVAYK.2 454.27 567.31 16 y5
NLLSVAYK.2 454.27 480.28 16 y4
VISSIEQK.2 452.26 691.36 16 y6
VISSIEQK.2 452.26 604.33 16 y5
VISSIEQK.2 452.26 517.30 16 y4
YLIPNATQPESK.2 680.86 971.48 24 y9
YL1PNATQPESK.2 680.86 874.43 24 y8
YLIPNATQPESK.2 680.86 760.38 24 y7
YLSEVASGDNK.2 591.79 906.42 21 y9
YLSEVASGDNK.2 591.79 819.38 21 y8
YLSEVASGDNK.2 591.79 690.34 21 y7
EMQPTHPIR.2 554.78 848.47 19 y?
EMQPTHPIR.2 554.78 720.42 19 y6
EMQPTHPIR.2 554.78 623.36 19 y5
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Table 6.2: Continued...

Peptide sequence + charge precursor m//. product ni/z collision energy Ion name

Alpha-1-antitrypsin - A1ATJ30VIN
LVDTFLEDVK.2 589.82 851.45 21 y7
LVDTFLEDVK.2 589.82 750.40 21 y6
LVDTFLEDVK.2 589.82 603.33 21 y5
VLDPNTVFALVNYISFK.3 647.36 870.47 22 y7
VLDPNTVFALVNYISFK.3 647.36 771.40 22 y6
VLDPNTVFALVNYISFK.3 647.36 657.36 22 y5
LGMFDLHYC[+57.0]DK.2 699.81 950.40 25 y7
LGMFDLHYC[+57.0]DK,2 699.81 835.38 25 y6
LGMFDLHYC[+57.0]DK.2 699.81 722.29 25 y5
LS1SETYDLK.2 584.81 855.41 21 y7
LSISETYDLK.2 584.81 768.38 21 y6
LSISETYDLK.2 584.81 639.33 21 y5
SVLGDVGITEVFSDR.2 797.41 1023.51 28 y9
SVLGDVGITEVFSDR.2 797.41 966.49 28 y 8
SVLGDVGITEVFSDR.2 797.41 853.41 28 y7

Apolipoprotein FI - APOHBOVIN
TYEPGEQIVFSC[+57.0]QPGYVSR.3 739.68 1053.48 25 y9
TYEPGEQIVFSC[+57.0]QPGYVSR.3 739.68 966.45 25 y8
TYEPGEQIVFSC[+57.0]QPGYVSR.3 739.68 806.42 25 y7
FTC[+57.0]PLTGLWPINTLK,2 880.97 1352.79 32 y 12
FTC[+5 7.0JPLTGLWPINTLK.2 880.97 1142.66 32 y 10
FTC[+57.0]PLTGLWPINTLK.2 880.97 1041.61 32 y9
ATV1YEGER.2 519.27 865.44 18 y7
ATVIYEGER.2 519.27 766.37 18 y6
ATVIYEGER.2 519.27 653.29 18 y5
VAIQNK.2 336.71 573.34 11 y5
VAIQNK.2 336.71 502.30 11 y4
VAIQNK.2 336.71 389.21 11 y3
EHSSLAFWK.2 552.78 838.45 19 y7
EHSSLAFWK.2 552.78 751.41 19 y6
EHSSLAFWK.2 552.78 664.38 19 y5
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Table 6.2: Continued...

Peptide sequence + charge precursor
m/z

product
m/z

collision
energy

Ion
name

Alpha-2-HS-glycoprotein - FETUA BOVIN
HTLNQIDSVK.2 577.81 916.51 20 y8
HTLNQIDSVK.2 577.81 803.43 20 y7
HTLNQIDSVK.2 577.81 689.38 20 y6
AQFVPLPVSVSVEFAVAATDC[+57.l0]IAK.3 840.45 1019.52 29 ylO
AQFVPLPVSVSVEFAVAATDC[+57.0]IAK.3 840.45 948.48 29 y9
AQFVPLPVSVSVEFAVAATDQ+57.1OjIAK.3 840.45 849.41 29 y8
ALGGEDVR.2 408.71 632.30 14 y6
ALGGEDVR.2 408.71 575.28 14 y5
ALGGEDVR.2 408.71 518.26 14 y4
HTFSGVASVESSSGEAFHVGK.3 707.34 931.46 24 y9
HTFSGVASVESSSGEAFHVGK.3 707.34 844.43 24 y8
HTFSGVASVESSSGEAFHVGK.3 707.34 787.41 24 y7
TPIVGQPSIPGGPVR.2 737.92 1007.56 26 y 10
TPIVGQPSIPGGPVR.2 737.92 879.50 26 y9
TPIVGQPSIPGGPVR.2 737.92 782.45 26 y8

Trypsin - TRYP PIG
LGEHNIDVLEGNEQFINAAK.2 1106.06 1432.74 40 yl3
LGEHNIDVLEGNEQFINAAK.2 1106.06 1333.67 40 y 12
LGEHNIDVLEGNEQFINAAK.2 1106.06 1220.59 40 yll
LSSPATLNSR.2 523.29 758.42 18 y7
LSSPATLNSR.2 523.29 661.36 18 y6
LSSPATLNSR.2 523.29 590.33 18 y5
VATVSLPR.2 421.76 672.40 15 y6
VATVSLPR.2 421.76 571.36 15 y5
VATVSLPR.2 421.76 472.29 15 y4
NKPGVYTK.2 453.76 664.37 16 y6
NKPGVYTK.2 453.76 567.31 16 y5
NKPGVYTK.2 453.76 510.29 16 y4
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Table 6 3- Results from sample extraction procedure repeatability and reproducibility for the 
quantification of protein markers by UPLC-MS/MS. Protein markers selected in Chapters 2 and 5 
were assessed to determine method repeatability and reproducibility for the investigated protein 
markers 6 replicate extractions were performed on separate 3 days and %CV was calculated for pept.de 
peak areas. Correction was also applied using trypsin self-digestion products as an internal digestion 
control.

No correction Trypsin correction 
% C V  % C V  

Day Day Day v p  Day Day Day 
1 2 3 1 2 3 A \ G

Yeast Alcohol 1 G D Y A G IK .2  
Dehydrogenase S IS IV G S Y V G N R .2  

V V G L S T L P E IY E K .2  
Averaged

5 10 9 8 
9 9 10 9 
7 13 10 10 
7 2 9 6

3 11 8 7 
14 10 5 10 
11 16 7 11 
5 5 3 4

Phosphprotein P L D L Y Q D K .2 25 38 3 22 27 40 7 25

Apolipoprotein
B100 1PSFQ1NFK.2

12 18 15 15 12 15 9 12

T-complex E D G A IS T IV L R .2  
protein 1 subunit
theta F A E A F E A IP R .2  

Averaged

10 8 5 8 
20 12 18 16

11 9 6 9

6 5 7 6 
15 6 14 11 
6 5 6 6

Inter-alpha E V S F N V E IP L .2  
trypsin inhibitor L T Y E E V L R .2  
heavy chain H l G S L V Q A S P A N L E A A  

R.2
Averaged

13 14 6 11 
9 10 11 10

5 7 5 5

7 8 5 7

14 17 7 12 
9 14 9 10

6 11 7 8

7 12 6 8
Alpha-1- L G M F D L H Y  C D K .2  
antitrypsin L S1 SE T Y D L K .2

S V L G D V G IT E V F S D
R.2
Averaged

8 16 19 14
70 113 36 73

12 15 12 13 
10 11 17 13

9 10 16 12 
86 75 54 72

17 11 10 13

12 4 14 10

Trypsin V A T V S L P R .2 7 9 9 8 N A  N A  N A  N A
T P IV G Q S1P G G P V R .2  

Alpha-2-Ha- H T F S G V A S V E S S S G E  
glycoprotein A F H V G K .3

A Q F V P L P V S V S V E F
A V A A T D C 1 A K .3
Averaged

7 15 9 10 
11 15 9 12

4 14 14 10 
6 14 9 10

6 12 4 7

7 8 5 7

8 11 10 10 
5 11 4 7

F H S S I A F W K  2
Apolipoprotein H F T C P L T g l W P IN T LK  

.2
A T V IY E G E R N T L K .2
Averaged

15 17 8 13

5 22 17 15

2 14 10 9 
4 13 8 8

10 10 12 11

9 20 13 14

8 24 4 12 
4 13 4 7
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6.3.3 Quantification of selected protein biomarkers by UPLC-MS in plasma of vaccinated 

and non-vaccinated calves after challenge with BPIV-3

Targeted proteomic analysis was performed using a Waters Quattro Premier mass spectrometer coupled 

to an Acquity UPLC system to assess changes in the levels of (relative to an external yeast ADH 

calibration curve) protein levels of protein markers identified in Chapter 2 (Phosphoprotein P, T- 

complex protein subunit theta) and those identified in section Chapter 5 (Apolipoprotein B100, Alpha- 

1-antitrypsin, Alpha-2-HS-glycoprotein, Apolipoprotein H and Inter-alpha-trypsin-inhibitor heavy 

chain I I1). As the ‘shotgun’ proteomic analysis study employed a number of depletion and fractionation 

techniques it was imperative to assess whether the intensity levels of the proteins which were 

significantly different reflected their levels in plasma prior to depletion/fractionation procedures, when 

assessed by targeted MRM proteomics. Table 6.3 illustrates the proteotypic peptides and MRM analysis 

parameters selected for the targeted proteomic quantification.

The quantities of these compounds in plasma were derived from the averaged peak intensity of 

the top 3 proteotypic peptides from ADH callibrants as illustrated in Figures 6.1 A-D. Yeast AD11 was 

spiked into the samples as an internal control, and peak area values tor the respective peptides were 

corrected using with the peak area of internal trypsin self-digestion products. ADH standards in the 

range of lOOpM to lOnM were injected during the run for the quantification of protein levels in plasma. 

Linear regression analysis of these callibrants resulted in a positive correlation between the average peak 

are of the top 3 peptides and the concentration of the undigested protein prior to SPE with a R2 of 0.9863. 

The lOpI 1 pM ADH loading controls had a %CV of 11.6%, with average concentration of 0.96pM, 

demonstrating excellent peptide recovery for the ADH internal standard.

Proteotypic peptides for the selected protein markers illustrated in Table 6.3 were quantified in 

plasma at days 0, 1, 2, 5, 6, 14 and 20 post-BPIV-3 challenge in vaccinated or non-vaccinated study 

groups, as illustrated in Figure 6.4. Statistical analysis was performed using ANOVA with bonferroni 

post-hoc test to determine quantitative differences in protein levels between study groups at 

corresponding time points. Despite showing significant differences between vaccinated and non- 

vaccinated animals at day 6 p.i. in Chapter 5, none of the screened protein biomarkers selected in Table

6.3 were found to be significantly different at day 6 p.i. from targeted analysis by UPLC-MS/MS. 

However, from these findings it was observed that Apolipoprotein B100 and lnter-alpha-trpysin- 

inhibitor heavy chain I had significantly altered levels in the plasma of non-vaccinated animals 

compared to vaccinated ones when infected with BPIV-3 at day 1 p.i. and day 5 p.i. respectively. For 

the proteins selected as candidate markers for BPIV-3 infection in vivo (Chapter 2), unique peptides for 

phosphoprotein P and T-complex protein 1 subunit theta were found to be significantly (p<0.05) up- 

regulated at day 5 p.i. in non-vaccinated animals compared to vaccinated animals at the same stage.

Statistical analysis of temporal changes in protein levels between the vaccinated and non- 

vaccinated animals throughout the study was investigated using a paired two-tailed t-test. A significant
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increase (p<0.05) was observed in the levels of Alpha-2-HS-glycoprotein in vaccinated animals from 

days 5 to 20 post-BPIV-3 challenge. For Apolipoprotein H a significant (p<0.05) reduction in plasma 

protein levels was observed from days 0 to 2 in non-vaccinated animals and a significant increase 

(p<0.01) in vaccinated animals from days 1 to 20 post-BPIV-3 challenge. Furthermore, a significant 

(p<0.05) increase was observed in the plasma levels of Inter-alpha-trypsin inhibitor heavy chain HI in 

vaccinated animals from days 5 to 6 post-BPl V-3 challenge. Plasma levels of Alpha-1 -antitrypsin were 

found to be significantly (p<0.05) higher from days 0 to 20, and day 5 to 20 in vaccinated animals post- 

BPIV-3 challenge. Also a significant (p<0.05) increase was observed in the plasma levels of 

Apolipoprotein B100 from days 6 to 20 post BPIV-3 challenge in vaccinated animals. Plasma levels of 

Phosphoprotein P were found to increase significantly (p<0.05) from days 0 and 1 to 5 post-BPIV-3 

challenge in non-vaccinated animals. Finally, a significant increase in the levels of I -complex protein 

1 subunit theta was observed from day 0 to 20 post-BPIV-3 challenge in vaccinated animals.

Alpha-2-HS-glycoprotein

■ Non-vaccinated 
A Vaccinated

■ Non-vaccinated 
▲ Vaccinated

Figure 6.4: Quantification of selected protein markers for BPIV-3 infection by UPLC-
MS/MS. At day 0-6 p.i. n=6 and day 14-20 p.i. n=3. Values represent mean ± S.E.M. 
Relative quantification of the peptide markers was perfonned by interpolating the average 
peptide intensity (integrated peptide area) against an external calibration curve (lOOpM to 
lOnM) of yeast ADH spiked in plasma. 175
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In ter-a lpha-trypsin  inhib itor 
heavy chain H1

Apolipoprotein B100

■ Non-vaccinated 
A Vaccinated

■ Non-vaccinated 
A Vaccinated

Non-vaccinated
Vaccinated

Figure 6.4: Continued
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Phosphoprotein P

T-com plex protein 1 subunit theta

Figure 6.4: Continued

Non-vaccinated
Vaccinated

Non-vaccinated
Vaccinated
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6.4 Discussion
A targeted MRM method was developed to quantify the levels of protein markers of BPIV-3 infection, 

selected from Chapters 2 and 5, in the plasma of vaccinated and non-vaccinated animals after BPIV-3 

challenge. Plasma samples from vaccinated (Pfizer Rispoval® RSV+P13) and non-vaccinated animals 

(empty PLGA nanoparticles), were analysed at days 0, 1, 2, 5, 6, 14 and 20 post BPIV-3 challenge to 

identify diagnostic markers capable of determining the vaccination status of BPIV-3 infected animals. 

In Chapter 5 Apolipoprotein B100, Alpha-1 -antitrypsin, Alpha-2-HS-glycoprotein, Apolipoprotein II 

and Inter-alpha-trypsin-inhibitor heavy chain 111 were selected as potential diagnostic markers capable 

of differentiating between the vaccination status of BPIV-3 challenged calves, using a ‘shotgun’ 

proteomic study conducted at day 6 post-infection (p.i.) sampled plasma. I he circulating plasma levels 

of these markers were assessed in this study using targeted MRM analysis to investigate if they were 

true markers capable of differentiating between vaccination statuses in BPIV-3 challenged animals and 

not artefacts resulting from sample depletion/fractionation processes. Furthermore, the candidate 

protein markers of BPIV-3 infection, Phosphoprotein I’, T-complex protein subunit theta and 14-3-3 

protein beta/alpha, selected from an in vitro BPIV-3 disease model using 2D Gel Electrophoresis (2D 

GE) in Chapter 2, were assessed in plasma also using targeted MRM analysis, to investigate their 

potential application as in vivo diagnostic tools.

Quantitative analysis of selected plasma proteins was performed using a developed MRM 

method targeting unique peptides produced by trypsin digestion. The devised peptide extraction 

method, capable of simultaneous analysis of 20 peptides was optimized using yeast ADI I, and was found 

to be linear over 5 orders of magnitude (representative of physiological protein ranges in plasma), and 

which is comparable to previously reported methods (Anderson and Hunter, 2006; Kim et al„ 2013; 

Kuhn et al., 2004; Percy ct ah, 2013). This approach also demonstrated good reproducibility and 

repeatability for the peptides analysed with %CV values (ranging from 6% to 22%) lower than the 

thresholds of published multiplex peptide MRM methods (Addona et ah, 2000; Percy et ah, 2013).

The targeted quantification of protein markers selected previously by ‘shotgun’ proteomics in 

Chapter 5 revealed that none of the proteins occurred at physiological levels in plasma which were 

significantly different between vaccinated and non-vaccinated study groups at day 6 p.i. However, 

Apolipoprotein B100 and Inter-alpha-trypsin inhibitor heavy chain III were found to be significantly 

higher in vaccinated calves compared to non-vaccinated animals post-BPIV-3 infection during early 

stages of infection (days 1 and 5 respectively). These proteins therefore, may have the potential to be 

employed as alternative markers capable of differentiating between vaccinated and non-vaccinated 

animals challenged with BPIV-3. Apolipoprotein BI00 is the major constituent of Low-Density- 

Lipoprotein (LDL), which has been illustrated to be become elevated in blood as a result of acute phase 

response to LPS endotoxin or viral infection (Khovidhunkit et ah, 2004). Furthermore, increased serum 

triglyceride levels during infection/inflammation are associated with increased levels of lipoprotein
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production (Grunfeld el al., 1992; 1 lardardottir et al., 1997; Klempner et al., 1978) and therefore may 

be associated with the up-regulation of Apolipoprotein B100. Serum triglyceride, LDL and 

Apolipoprotein B100 levels are increased in response to pro-inflammatory cytokines up-regulated in 

acute and innate immune responses (Akira et al., 1990) including 11II'-a, 1L-I and 1L-6 (Feingold et al., 

1991; Feingold et al., 1989; Feingold et al., 1992; Nonogaki et al., 1995; Tripp et al., 1993). Increased 

Apolipoprotein B100 levels in the plasma of non-vaccinated calves 1 day after BPIV-3 challenge as 

revealed by targeted MRM analysis in this study, may therefore be a consequence of increased 

triglyceride and LDL levels from a pro-inflammatory cytokine response in naive animals. The Inter

alpha trypsin inhibitor family plays a role in immune responses, with up-regulations in the levels of the 

Inter-alpha trypsin inhibitor heavy chains H3 and H4, and down regulation in H2, observed during acute 

phase responses (Daveau et al., 1993; Pineiro et al., 2004). Inter-alpha trpysin inhibitor is regarded as 

a precursor for Urinary Trypsin Inhibitor (Flirose et al., 1998), the levels of which are elevated in I luman 

Respiratory Syncytial Virus infected patients (Yasui et al„ 2005) but no alterations in the levels of 111 

have been observed during immune responses. These findings, however, suggest that Inter-alpha- 

trypsin heavy chain HI may have a currently unknown role in immune responses to viral infection, 

which may warrant further investigation.

Phosphoprotein P and T-complex protein 1 subunit-theta, selected in Chapter 2 using an in vitro 

BPIV-3 disease model, were assessed in the plasma of BPIV-3 challenged animals to assess their 

potential to be employed as diagnostic markers of infection in vivo and whether their levels in plasma 

differed between vaccinated and non-vaccinated study groups post-BPIV-3 challenge. Levels of 

Phosphoprotein P and T-complex protein 1 subunit-theta were observed through targeted MRM analysis 

to be significantly up-regulated in the plasma of non-vaccinated animals compared to those vaccinated 

at day 5 post BPIV-3 challenge. Peak virus titre in vivo has been demonstrated to occur between days 

4 to 6 p.i., and furthermore, vaccinated animals respond quicker, clearing the infections quickly (Salt et 

al., 2007; Xue et al., 2010). In particular for Phosphoprotein P, increasing levels in non-vaccinated 

animals from day from day 0 to day 5 p.i. compared to vaccinated animals, mirrors that of viral shedding 

observed in vaccinated animals compared to non-vaccinated, i.e. virus titre peaking at days 4-6 p.i. in 

non-vaccinated animals and days 1-2 p.i. in vaccinated animals (Salt et al., 2007; Xue et al., 2010). This 

is not surprising as when more infected cells die, increased levels oi intracellularly accumulated 

Phosphoprotein P and T-complex protein I subunit theta will be released into the circulation. 1 lowever, 

the levels of both these proteins as measured in this study dropped from day 5 to 6 post-BPIV-3 

challenge in non-vaccinated animals. These findings indicate that it is possible that these proteins are 

rapidly degraded in the circulation and although their presence in plasma is an indicator of a specific 

virus induced damage to the respiratory tract, there may be a limited window for their useful diagnostic 
potential.

The assessment of temporal variations in the levels of proteins selected from Chapter 5 in 

plasma throughout post-BPIV-3 challenge stages, revealed significant alterations in the quantitative

_____________ ______ Chapter 6
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levels of a number of these markers between animals groups at varying study time points. These findings 

illustrate that although no significant differences were observed between vaccinated and non-vaccinated 

animals at corresponding days post-challenge, BPIV-3 challenge did result in temporal variations in the 

levels of the potential markers in vaccinated animals, with only plasma levels ol Apolipoprotein 11 found 

to vary throughout the post-BPlV-3 challenge stages in non-vaccinated animals. The targeted MRM 

analysis performed in this study further illustrates that the protein markers selected using the depletion 

and fractionation strategies employed in Chapter 5 by ‘shotgun’ proteomics, may have acquired a degree 

of variation as a result of sample preparation procedures.

6.5 Conclusions
Biomarker verification is crucial to ensure accurate reporting and dissemination of valid research 

findings, particularly for veterinary medicine. The identification of improved diagnostic markers can 

provide a significant benefit not only to improving animal health & welfare through reduced mortality 

and morbidity, but also in reducing the economic burden of agricultural disease (many of which are 

considered production diseases associated with intensification of farming). In the current study a 

targeted MRM method was successfully developed for the quantification of protein markers in bovine 

plasma, with the further aim of verifying their potential for differentiating between vaccinated and non- 

vaccinated animals challenged with BPIV-3. The method demonstrated linearity over 5 orders of 

magnitude for the detection of proteotypic peptides occurring at physiological levels from lOnM to 

lOOpM over a 35min chromatographic separation. Furthermore, excellent repeatability and 

reproducibility was observed for the 20 different investigated peptides, with improved repeatability 

compared to other published multiplex peptide MRM methods. The optimised MRM method was 

employed to quantify and verify the significance of protein markers selected from Chapter 2 and 5 in 

the plasma of non-vaccinated and vaccinated calves after challenge with BP1V-3. Quantification by 

developed MRM methods of protein markers selected from an un-targeted proteomic study in Chapter 

5 illustrated significant differences between the levels of Apolipoprotein B100 and Inter Alpha Trypsin 

Inhibitor Heavy chain HI in the plasma of vaccinated animals compared to non-vaccinated calves after 

BPIV-3 challenge. However, using the same methods no significant differences in the plasma levels of 

the protein markers Alpha-2-HS-glycoprotein, Apolipoprotein H or Inter-alpha-trypsin inhibitor heavy 

chain HI were revealed. The protein markers Phosphoprotein P and T-complex protein 1 subunit theta, 

selected by 2D GE from an in vitro BPIV-3 disease model in Chapter 2, were detected by MRM analysis 

in the plasma of BPIV-3 challenged animals and the quantification of these peptides demonstrated 

significant differences in levels after BPIV-3 challenge with elevated levels of both proteins in non- 

vaccinated animals, compared to vaccinated animals at day 5, which corresponds with observed peak 
BPIV-3 titre in vivo (Salt et al., 2007; Xue et ah, 2010).

180



Chapter 6

This study clearly demonstrates how targeted MRM analysis can be employed to rapidly 

quantify the levels of up to 20 protein markers in a single analysis run. Furthermore, with increasing 

research applying biomarker screening approaches to veterinary medicine, multiplex MRM methods 

will be required to ensure rapid progress from preliminary biomarker screening to building the toolkit 

for actual diagnostic marker application. The performed targeted MRM analysis in this study has 

demonstrated that biomarker selection approaches based on in vitro infection models as in Chapter 2 

may be preferable to in vivo ‘shotgun’ proteomic biomarker screening, as differences observed in the 

levels of these markers in the ‘shotgun’ study in Chapter 5 were not reflected in non-depleted plasma 

using more robust quantitative MRM analysis.
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7.1 Conclusions
This study was designed to enhance the understanding of respiratory disease and BRD management, 

using Bovine Parainfleunza Virus-3 (BP1V-3) as a model virus to investigate whether screening tools 

based on biomarkers could be employed to successfully aid in the identification of infected animals and 

to understand the processes of successful immune response to vaccination. Through the application of 

in vitro and in vivo biomarker screening tools, this study demonstrated the potential for proteomic and 

metabolomics marker screening approaches to provide enhanced information and diagnostic capabilities 

for BP1V-3 infected animals and assess immune responses at the metabolite level.

Biomarker screening performed throughout this study, significantly utilized proteomic 

techniques for the in vitro and in vivo selection of protein markers and employed three different 

experimental approaches. In vitro screening for selection of candidate protein markers from a BPIV-3 

infection model was performed using 2D Gel Electrophorese in Chapter 2. ‘Shotgun’ proteomic analysis 

was performed in Chapter 5 for the detection of protein biomarkers in vivo, through the application of 

ID SDS-PAGE fractionation combined with Reverse Phase Liquid Chromatography-Mass 

Spectrometry (RP-LC-MS). Finally a targeted Multiple Reaction Monitoring (MRM) method was 

developed in Chapter 6, employing Ultra-Performance Liquid Chromatography-Mass Spectrometry 

(UPLC-MS) for the quantitative analysis of protein markers in plasma. Initial studies in Chapter 2 

illustrated the potential of in vitro biomarker screening approaches to select candidate markers for in 

vivo disease diagnosis. 2D GE, performed using an optimised in vitro BPIV-3 infection model, 

identified 53 differentially altered intracellular proteins at 24hrs or 48hrs p.i. The major aim of this 

study was to select potential diagnostic markers, however, gene ontology analysis of the differentially 

expressed proteins illustrated a potential mechanism by which BPIV-3 subverts respiratory fibroblast 

cell machinery to replicate viral proteins and overcome host-cell mediated immune response 

mechanisms. This in vitro approach highlights the ability to screen for potential bio-markers in a 

relatively cheap system that is highly defined, before going into in vivo studies where the complexity of 

the biological system is much greater. In Chapter 6 targeted MRM analysis was performed for the 

quantitative analysis of the proteins Phosphoprotein P and T-complex protein 1 subunit theta in plasma, 

and illustrated significantly higher levels of these proteins at day 5 post-BPIV-3 challenge in non- 

vaccinated compared to vaccinated animals. The release of Phosphoprotein P from dead infected cells 

into the circulatory system could be employed as a specific indicator of viral induced tissue damage in 

the upper respiratory tract. As the current diagnostic tests cannot discern the presence of diseased tissue, 

the application of this marker in conjunction with other diagnostic tests could be employed to identify 

not only animals exposed to pathogens but also as an indicator of potential diseased tissue or disease 

stage therefore allowing herd health management decisions to be undertaken. Being able to diagnose 

the disease stage would have important implications for herd health management as there is a major
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emphasis to reduce the use of antibiotics in animals going into the food chain and therefore this 

technology and approach has the potential to allow precision farming and treatment of specific animals.

‘Shotgun’ proteomic analysis was performed in Chapter 5 to investigate the presence of markers 

capable of differentiating between the vaccination statuses of BPIV-3 challenged animals. This study 

through the removal of immunoglobulin and albumin using NAb1M Protein G and Seppro®-BSA 

depletion kits respectively, and subsequent ‘shotgun’ proteomic analysis, resulted in the identification 

of 175 unique proteins, which to the best of our knowledge is higher than any published ‘shotgun’ 

proteomic studies utilising bovine plasma. Five proteins were selected as potential diagnostic markers 

based on ‘shotgun’ proteomic analysis at day 6 post-BPlV-3 challenge in vaccinated and noil-vaccinated 

animals. In Chapter 6, however, levels of these proteins were found not to be significantly different 

between the study groups at day 6 post-BPlV-3 challenge. However, Apolipoprotein B100 and Inter- 

alpha-trypsin inhibitor heavy chain H 1 were found to be elevated in the plasma of non-vaccinated calves 

compared to vaccinated calves after BPIV-3 challenge. These findings suggest that the depletion 

methods employed prior to ‘shotgun’ analysis of bovine plasma in Chapter 5 affected the levels of these 

proteins reported by this method. Targeted MRM analysis was successful in providing more accurate 

quantification of the levels of these proteins in non-depleted plasma. Despite this ‘shotgun’ proteomic 

analysis, employing the sample processing strategies used within Chapter 5, could still be employed for 

farm animal biomarker screening, particularly in instances where variations between the levels of 

identified protein markers are higher than those in this study, and hence unlikely to suffer from artefacts 

arising through sample preparation processes. As significant differences in the levels of protein markers 

(Apolipoprotein B100 and Inter-alpha trypsin inhibitor heavy chain HI) were only detected on days 1 

and 5 post-BPIV-3 challenge, their sole use as diagnostic markers is limited, but could provide increased 

information on the health status of infected animals when assessed using a combination of diagnostic 

markers.

Chapters 3 and 4 of this study extensively employed metabolomic plasma profiling tools for the 

identification of diagnostic markers in plasma. Metabolomic analysis was performed using UPLC-MS, 

with multivariate and univariate data analyses for the selection of discriminatory metabolite markers. 

Compared to proteomic approaches, metabolomic analysis allows for the identification of low' molecular 

weight markers which more accurately reflect the current physiological conditions within the study 

organisms. In Chapter 3, metabolomic responses to inoculation with Pfizer Rispoval® RSV+P13 were 

investigated to identify response markers in plasma characteristic of immune protection through 

vaccination. Subsequently, in Chapter 4 metabolomic analysis was performed to identify plasma 

markers capable of differentiating between non-vaccinated and vaccinated animals after challenge with 

BP1V-3. 12 metabolite markers were identified in Chapter 3 and 33 in Chapter 4, with 8 of these 

identified metabolite markers common to both studies. In particular, hexahydrohippuric acid (HHA) 

and N-(cyclohex-l-en-l-ylcarbonyl) glycine (NCG) were elevated in the plasma of vaccinated 

compared to non-vaccinated animals at 2 weeks post-initial vaccine dosage, 1 week post-secondary

___________________________________________________Chapter 7
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dosage and 6 days post-BPIV-3 challenge, indicating an possible association with an adaptive immune 

response to BPIV-3 infection. Furthermore, the levels of N-methylhippuric acid (NMHA) were found 

to strongly correlate with those of HHA and NCG in both studies, indicating a possible homeostatic 

relationship for the formation of these compounds during immune responses. For diagnostic purposes, 

the significant up-regulation of NCG and HHA at days 6, 14 and 20 post-BPIV-3 challenge could 

provide a wide window for the diagnosis of infected animals which have not been successfully 

vaccinated. Furthermore, in combination with additional diagnostic markers identified in Chapter 4, 

evaluation of the levels of a panel of markers in plasma (e.g. HHA, Glycocholic Acid, 

Lysophosphatidylcholine, Phosphatidylcholine, Deoxycholic Acid and Chenodeoxycholic Acid) could 

be applied to determine the stage of infection within herds ol vaccinated animals.

Proteomic and metabolomics marker screening tools were found to have varying degrees of 

success with regards to the identification of diagnostic markers produced in plasma in response to BPIV- 

3 challenge in vaccinated and non-vaccinated animals, as illustrated in Chapter 4 and 5. Both approaches 

were employed to investigate the presence of diagnostic markers at day 6 post-BPIV-3 challenge, with 

metabolomic analysis identifying 13 markers in plasma, compared to only 5 protein markers identified 

by ‘shotgun’ proteomic analysis. As metabolites are highly connected, changes in gene expression and 

protein levels are amplified at the metabolome level (Nielsen and Oliver, 2005), and may illustrate why 

more metabolite markers were identified compared to proteomic markers. For preliminary biomarker 

screening approaches where the sole aim is to identify large numbers of potential diagnostic markers, 

metabolomic profiling screening approaches may be preferable.

The identification of diagnostic markers using biomarker screening approaches can be 

challenging. Proteomic data analysis packages, such as Peaks and MaxQuant, employ automated protein 

marker identification, which reduces the need for manual De Novo protein sequencing for marker 

identification. However, due to the infancy of metabolomics, metabolite marker identification is 

typically manual, especially for novel diagnostic markers identified using sensitive mass spectrometry 

techniques. This is illustrated in our findings, where despite selecting 43 unique compounds as potential 

diagnostic markers, identifications could only be obtained for 27, even after extensive database 

searching and the application of in silico based spectral matching. An example of the difficulties 

encountered for metabolomic marker identification can be illustrated with the compound HHA (for 

which no matching compounds were easily identifiable using Metlin of HMDB). Searching using the 

PubChem database based on the elemental composition, resulted in 2466 hits. Only the identification 

of Ilippuric Acid (using Metlin spectral matching), with similar fragmentation and adduct formation 

pattern allowed for the narrowing of PubChem search results to those with similar shared structure, 

leading to eventual identification. However, the use of high accuracy Qtof mass spectrometers can make 

manual metabolite identification easier due to the determination of high confidence elemental 

compositions, as demonstrated in our findings, with all identified compounds having a mass error less 
than 1,4mDa relative to their true molecular weight.
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Sample preparation for proteomic analysis can induce a degree of variation, as demonstrated in 

Chapters 5 and 6, which may result in the selection of protein markers which upon further targeted 

verification may not be significant. A major advantage of plasma metabolomic analysis as compared to 

proteomics is the reduced requirement for extensive plasma sample preparation. This is clearly 

demonstrated in Chapter 4, where even with sample preparation and analysis performed on separate 

days, the markers identified in a prediction set were able to accurately classify test set samples with 

100% accuracy, with the same variations in metabolite marker levels between study groups in both 

analysis runs.

Despite the obvious advantages in identifying a greater number of potential diagnostic markers, 

metabolomics does not lend itself easy to routine downstream diagnostic testing compared to 

proteomics. With proteomics a variety of antibody based detection methods can be developed against 

any identified biomarkers (e.g. ELISA, SPR biosensors, Lateral Flow devices) thereby facilitating 

diagnostic testing. The protein markers identified from in vitro studies in Chapter 2, could be employed 

for diagnostic testing using antibody based screening methods and with recent advances in multiplex 

handheld biosensors (Lillehoj et al., 2012, Levine et al„ 2009) could be employed for multiplex on-site 

diagnosis in combination with highly sensitive APPs (Haptoglobin and Serum Amyloid A (Risalde et 

al., 2011, Heegaard et al„ 2000, Ceciliani et al., 2012)) for early infection diagnosis. However, the 

application of metabolomics for routine diagnosis is limited due to the low molecular weights of 

potential metabolite makers, as illustrated in Chapters 3 and 4 of this study with identified markers 

ranging from 100 to 600Da. Furthermore, a number of significant markers have only slight variations 

in structure compared to other related compounds (i.e. NMF1A, HHA, NCG and Hippuric Acid). Due 

to this low molecular weight, and structural similarities it is unlikely that these markers could be 

investigated using conventional diagnostic testing methods. However, recent advances in portable mass 

spectrometers, such as the 908 Devices handheld system to be launched in 2014 (908 Devices, Boston, 

USA), or the more user friendly Microsaic 4000 MiD® (Microsaic Systems, Surrey, UK), may 

eventually see the use of metabolites as routine markers for laboratory diagnosis in the future.

7.2 Future prospects
Improved diagnostic approaches for animal diseases is required to reduce the economic impact of animal 

diseases on livestock production and will become increasingly important in the future to provide 

sustainable agricultural production to ensure future food security (Godfray et al., 2010). This study has 

demonstrated the potential for metabolomics and proteomics to improve the diagnosis of BPIV-3, used 

as a model viral pathogen for BRD. The biomarker screening approaches throughout this study have 

employed a small number of animals and further studies with increased sample numbers, differing 

breeds and sexes of animals will be required to determine the potential for these markers to be employed 

for diagnostic testing. However, with numerous viral and bacterial pathogens involved in BRD, it is

186



clear that these biomarker screening approaches could be employed for the investigation of further 

markers to aid in the diagnosis and management of BRD.

With the recent commencement of compulsory eradication schemes for BVDV in Ireland and 

Scotland (Graham et al., 2013, Szabara and Ozsvari, 2013), and already established practices for Europe 

(Houe et ah, 2006, Presi and Heim, 2010), accurate identification and removal of infected animals is 

crucial for successful disease eradication. Current BVDV eradication programs rely on the identification 

of persistently infected animals within herds, however, calves born persistently infected can develop 

normally in the absence of serious clinical symptoms and provide a persistent source of infection on 

farm (Peterhans et ah, 2010, Goens, 2002). Accurate on site identification of infected animals before 

the disease can spread within herds is crucial for infections such as BVDV. Current diagnostic tests for 

persistently infected calves are laboratory based and require sampling of new born animals, but there is 

a time delay before identification and removal of such animal from the farm. The application of 

biomarker screening approaches investigated in this study could be employed to identify these 

persistently infected animals and provide a significant benefit to the removal or infected animals in 

current or planned BVDV eradication schemes, and additionally it may be possible to screen the 

pregnant cow in advance to determine if there are any markers that are associated with infection status 

of the foetus. Furthermore, BHV-1 has also been eradicated in a number of major countries within the 

European Union (Cowley et ah, 2011) and in the future it is likely that approaches will be taken for the 

eradication of BRSV and BP1V-3.

Economic losses arising from BRD are a significant burden to the agriculture industry 

worldwide. Protein and metabolite markers identified throughout this study have the potential to reduce 

this burden, through the accurate identification of infected animals which have not been successfully 

vaccinated. Furthermore, virus specific protein markers detectable in plasma, are indicative of an active 

viral infection and destruction of respiratory tissue. These protein markers could be employed for 

accurate anti-mortem diagnosis of disease causing pathogens within a time-frame allowing for the 

isolation of infected animals to prevent the spread of disease and use of prophylactic antibacterial 

treatments to reduce disease progression to more severe bacterial infections. In the future, with the need 

for improved diagnostic measures to reduce the economic burden of disease in farm animal production, 

new approaches are required to provide more rapid, sensitive and specific disease diagnosis. This study 

has clearly illustrated that proteomic and metabolomic biomarker screening approaches can provide the 

necessary tools for identification of new diagnostic markers of animal disease.
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Figure 8.1: Identification of Glyocholic Acid (GCA) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 466.317 in plasma. (B) Chromatographic peak of 
1M of GCA standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of 
compound with mass/z 466.317 in plasma. (D) Function 1 (low energy) fragmentation spectra of 
GCA standard prepared in methanol. (E) Function 2 (high energy ramp) fragmentation spectra of 
compound with mass/z 466.317 in plasma. (F) Function 2 (high energy ramp) fragmentation spectra 
of GCA standard prepared in methanol.
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Figure 8.2: Identification of Bilvcrdin (BLD) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 583.258 in plasma. (B) Chromatographic peak of 
1M of BLD standard prepared in 0.1% formic acid, 99.9% acetonitrile. (C) Function 1 (low energy) 
fragmentation spectra of compound with mass/z 583.258 in plasma. (D) Function 1 (low energy) 
fragmentation spectra of BLD standard prepared in 0.1% formic acid, 99.9% acetonitrile. (E) 
Function 2 (high energy ramp) fragmentation spectra of compound with mass/z 583.258 in plasma. 
(F) Function 2 (high energy ramp) fragmentation spectra of BLD standard prepared in 0.1% formic 
acid, 99.9% acetonitrile.
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R eten tion  tim e (m ins)

Figure 8.3: Identification of Uric Acid (UA) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 169.036 in plasma. (B) Chromatographic peak of 
1M of UA standard prepared in 0.1% formic acid. (C) Function 1 (low energy) fragmentation spectra 
of compound with mass/z 169.036 in plasma. (D) Function 1 (low energy) fragmentation spectra of 
UA standard prepared in 0.1% formic acid. (E) Function 2 (high energy ramp) fragmentation spectra 
of compound with mass/z 169.036 in plasma. (F) Function 2 (high energy ramp) fragmentation 
spectra of UA standard prepared in 0.1% formic acid.
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Figure 8.4: Identification of Taurodeoxycholic Acid (TDCA) in Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 500.304 in plasma. (B) Chromatographic peak of 
1M of TDCA standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of 
compound with mass/z 500.304 in plasma. (D) Function 1 (low energy) fragmentation spectra of 
TDCA standard prepared in methanol. (E) Function 2 (high energy ramp) fragmentation spectra of 
compound with mass/z 500.304 in plasma. (F) Function 2 (high energy ramp) fragmentation spectra 
of TDCA standard prepared in methanol.
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Figure 8.5: Identification of Cholic Acid (CA) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 817.583 in plasma. (B) Chromatographic peak of 1M of CA 
standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of compound with mass/z 
817.583 in plasma. (D) Function 1 (low energy) fragmentation spectra of CA standard prepared in methanol. 
(E) Function 2 (high energy ramp) fragmentation spectra of compound with mass/z 817.583 in plasma. (F) 
Function 2 (high energy ramp) fragmentation spectra of CA standard prepared in methanol.
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Figure 8.6: Identification of Hippuric Acid (HA) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 180.066 in plasma. (B) Chromatographic peak of 1M of 
HA standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of compound with 
mass/z 180.066 in plasma. (D) Function 1 (low energy) fragmentation spectra of HA standard prepared in 
methanol. (E) Function 2 (high energy ramp) fragmentation spectra of compound with mass/z 180.066 in 
plasma. (F) Function 2 (high energy ramp) fragmentation spectra of HA standard prepared in methanol.
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Figure 8.7: Identification of Hexahydrohippuric Acid (HHA) in plasma using Waters Xevo G2 Qtof.
(A) Chromatographic peak of compound with mass/z 186.113 in plasma. (B) Chromatographic peak of 1M of 
HHA standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of compound with 
mass/z 186.113 in plasma. (D) Function 1 (low energy) fragmentation spectra of HHA standard prepared in 
methanol. (E) Function 2 (high energy ramp) fragmentation spectra of compound with mass/z 186.113 in 
plasma. (F) Function 2 (high energy ramp) fragmentation spectra of HHA standard prepared in methanol.
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Figure 8 8- Identification Lysophosphatidylcholine (LPC) in plasma using Waters Xevo G2 Qtof. (A)
Chromatographic peak of compound with mass/z 496.340 in plasma. (B) Chromatographic peak of 1M of 
LPC standard prepared in methanol. (C) Function 1 (low energy) fragmentation spectra of compound with 
mass/z 496 340 in plasma. (D) Function 1 (low energy) fragmentation spectra of LPC standard prepared in 
methanol. (E) Function 2 (high energy ramp) fragmentation spectra of compound with mass/z 496.340 in 
plasma. (F) Function 2 (high energy ramp) fragmentation spectra of LPC standard prepared in methanol.
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