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Abstract

Resistance to infection by pathogenic organisms is critical for survival of livestock under commercial 
farming conditions. Understanding the complex processes involved in immunity to infection is 
essential to allow fiiture selection of animals for disease resistance to become an attainable goal in 
livestock production.

The overall aim of this study was to assess various aspects of hnmune function in a genetically 
defined population of male and female Holstein-Friesian cross Charolais cattle from six months of 
age. One aspect of the study assessed the in vitro proliferation of peripheral blood mononuclear cells 
(PBMC) induced by Staphylococcus aureus or Phytohaemagglutinin (PHA) in over 300 second 
generation animals consisting of F2, Holstein-Friesian backcross and Charolais backcross individuals. 
Variation in S. awrew^-mduced, PHA-induced and control PBMC proliferation was found among 
mdividuals at each of the time points assessed. Statistical analyses by Residual Maximum Likelihood 
(REML) identified a significant effect of sex on all o f the parameters assessed and a significant effect 
of control PBMC proliferation on S. aureus-mâ\xce,à. and PHA-induced PBMC proliferation. Overall, 
males had higher levels o f both specific and non-specific immunity measured by S. awrewj-mduced, 
PHA-induced and control in vitro PBMC proliferation. Following REML analysis, the conti'ol in vitro 
PBMC proliferation was found to have a regression coefficient greater than zero and less than one, 
which indicated that in this study, calculation of immunity using stimulation mdices (SI) or delta 
counts per minute (A c.p.in.) would have been inaccurate and would have resulted in misleading 
interpretation of the data. On several occasions, sample age and year of bhth were also identified as 
significant factors. The sample age and year of birth were found to have different effects on specific 
and non-specific immunity. Specific immune function, measured by S. aureus-mà\xc&à PBMC 
proliferation, was shown to increase with sample age of the individual, whereas, non-specific immune 
function, measured by PHA-mduced PBMC proliferation, was shown to decrease with sample age. 
Specific immune function, measured by S. cn^rew^-induced PBMC proliferation, was shown to 
decrease in the animals born in the 1998 to 2000 cohorts, whereas, non-specific immune function, 
measured by PHA-induced PBMC proliferation was shown to increase in the annuals born in the 1998 
to 2000 cohorts. Following REML analyses, the cross and sire of the animal were found to be 
significant at several o f the time pomts. Variation in immune function was identified among crosses 
with the Holstein-Friesian backcross anmials having greater levels of & aureus-'mdnced PBMC 
proliferation than the Charolais backcross animals. In contrast, the Charolais backcross animals were 
identified as having greater levels of PHA-mduced PBMC proliferation than the Holstein-Friesian 
backcross animals. In addition, a small subset of animals for which additional MHC RFLP patterns 
were available, were ranked for S. aureus-mduced and PHA-induced in vitro PBMC proliferation. 
This study identified that animals with high specific immune responses, measured by S. aureus- 
induced PBMC proliferation, may have low non-specific immune responses, measured by PHA- 
induced PBMC proliferation, and also, conversely, that animals with high non-specific immune 
responses may have low specific immune responses. The variation identified in this study among 
individual animals, cross and sire in specific and non-specific immunity mdicates that the immune 
function of these animals may be under genetic control and may differ with type of immune response 
measured.

Another aspect o f the study developed a method to assess the polymorphonuclear (PMN) phagocytic 
ability of the study animals. Phagocytic ability was determined by assessing the phagocytosis of 
Fluorescein Isothiocyanate-labelled (FlTC-labelled, 2.0pM) latex beads by isolated PMN in 140 
second generation animals. Following development and optimisation of the assay, variation among 
140 individual animals in the levels of phagocytosis o f FlTC-labelled (2.0|iM) latex beads was 
identified at each of the time points assessed. Following statistical analyses, sex was identified as a 
significant factor in the complete data set, with males having consistently higher levels of 
phagocytosis o f FlTC-labelled (2.0pM) latex beads than females. Variation was identified among 
sires in their PMN phagocytic ability however, as this variation was not statistically significant, larger 
numbers of animals may be required to accurately assess this factor in future.

Determining the existence of correlations between specific and non-specific immunity and genes 
involved in control of immunity, possibly MHC or other complexes, may lead ultimately to the 
identification of Quantitative Trait Loci (QTL) for immune function. Incorporation of QTL for 
disease resistance to specific pathogens may be exploited in future breeding programmes for improved 
livestock production and animal welfare.
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Chapter 1

Introduction

1.1 Immunity to disease

Variation among individual animals in their ability to mount a successful immune 

response against a pathogen may be influenced by a variety of factors such as the 

efficiency of antigen processing, the association between antigenic peptides and

Resistance to infection is critical for the smvival of any human or animal. It is 

essential that humans and animals can exclude infectious agents that may cause 

disease, or be able to reduce the ability of pathogens to smvive once they have 

invaded the host (Tizard, 2000). The immune system has evolved in many complex 

ways to deal with pathogens (Engelhard, 1994), and to be effective and reliable, 

multiple defence systems must be available. The protection of the body comes hom 

a complex system of interlinlced defence mechanisms which can be classified into the 

‘non-specific’ (innate) and ‘specific’ (acquired) immune systems: together these 

systems have the combined ability to destroy or control most pathogens (Kaufmann 

and Kabelitz, 1998). Iimate immune responses aie triggered rapidly and focus on 

structural components associated with pathogens such as bacterial cell wall 

components, whereas the acquired immune system requires a longer period of time to 

respond than the innate system, but focuses specifically on epitopes expressed by a 

pathogen (Bachmaim and Kopf, 1999).

... .



MHC class II and, ultimately, presentation to T helper cells (Buus et al., 1987). 

Immunity to disease is associated with the hosts’ ability to mount an effective 

immune response. Pathogens have been shown to affect all aspects of immune 

fimction. Bacteria such as Escherichia coli and Mycobacterium tuberculosis have 

the ability to secrete molecules that depress neutrophil phagocytosis (Prescott et a l , 

1990). Resistance to parasitic infections such as trypanosomosis in cattle has been 

shown to be associated with the hosts’ ability to resist the development of anaemia 

and control parasitaemia once infected (Dai'gie et al., 1979; Murray et al., 1979). 

Protection from viral infections such as equine infectious anaemia, or AIDS in 

humans, is dependent on a successful imiate immune response in the individual that 

prevents successful intracellular invasion by virus (Tizard, 2000). In cattle, bovine 

virus diarrhoea virus (BVDV) can cause a lymphopeania and destruction o f both B 

and T cells in lymph nodes, spleen, thymus and Peyer’s patches. Surviving B cells 

fail to malce immunoglobulins and respond poorly to mitogens, BVDV also 

depresses neutrophil functions such as degranulation and antibody-dependent 

cytotoxity (Radostits et ah, 1994). In addition, malflmction of the immune system 

resulting in the occurrence of immunodeficiencies or autoimmune diseases, highlight 

the importance of a balanced immune system, as either imder-production or over

production of specific immune factors can result in susceptibility to disease in many 

species (Klein and Horejsi, 1997; Tizaid, 2000).

1.2 Innate immune system

1.2.1 Primary defences

Animals have multiple levels of defence against pathogenic challenge. The first 

defence against pathogens is the physical barrier of the skin (Tizard, 2000). The 

surface epithelia of the skin acts initially as a mechanical barrier but also has 

additional chemical factors such as fatty acids or a low pH, which help to prevent 

microbial invasion (Kaufmann and Kabelitz 1998).



t

1.2.2 Secondary defences

Once successful pathogenic invasion across the surface epithelia occurs, cellular 

effector mechanisms are triggered which focus on the site of invasion or tissue 

damage. Local changes in tissues such as increased blood flow and accumulation of 

cells capable of destroying invading bacteria occur, along with the activation of the
'"ï

alternative complement system (Tizard, 2000). These initial cellular responses
.comprise the professional phagocytes such as neutrophils and macrophages, in 

addition to non-professional phagocytes such as dendritic cells (Roitt et a l, 1993).

"I

■I
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1.2.3 Complement

The complement system is part of the innate immune system and consists of many 

proteins that act as a cascade, where each enzyme acts as a catalyst for the next (Roitt 

Qt al., 1993). The complement system is a multi-component, complex biochemical ?

system that covalently binds specific proteins to the surface of invading micro- |

organisms (Klein and Horejsi, 1997). The complement system can be triggered 

either by the presence of antibodies on the surface of an invading organism or simply
I

by the presence of specific carbohydrate structures on the surface of the invading 

organism (Laclimami and Hughes-Jones, 1984). At least 30 components of the 

complement system, which are synthesised at various sites throughout the body, have
è

been identified (Manderson et al., 2001). The main production of complement 

components C3, C6, C8 and B occurs in the liver, whereas C2, C3, C4, C5, B, D, P 

and I are primarily produced by macrophages. Neutrophils have been shown to store 

large quantities of C6 and C7. As a result, these complement components are readily 

available at sites of inflammation where macrophages and neutrophils accumulate.

Two main branches of the complement system have been defined: the classical 

pathway and the alternative pathway, which converge into the lytic pathway (Roitt et , \

al., 1993).



1.2.4 Cytoldnes

Cells of the immune system secrete a vast number of proteins that regulate the 

immune responses between cells: these proteins are defined as cytokines (Godson et 

al, 1997; Pastoret et a l, 1998). Cytokine production is stimulated by a variety of 

signals, antigens, or antigen-MHC complexes acting through T cell receptors or B 

cell receptors, antigen-antibody complexes acting thiough Fc receptors, superantigens 

acting through T cell receptors, or via the presence of microbial components such as 

lipopolysaccharides (Slifka and Wiiitton, 2000). Some cytokines such as Interleukin 

(IL)-l, IL-6 , Interferon alpha (IFN-a) and beta (p), and tumour necrosis factor 

(TNF)-a are produced by a wide variety of cells, whereas others such as IL-2, IL-3, 

IL-4 and IL-5 are produced by only a small number of cell types (Carter and Swain,

1997).

The structure, function and predominant production of a cytokine by one specific cell 

type are several of the ways used to identify and classify the cytokines. Cytokines

The classical pathway is triggered when antibodies bind to an invading micro

organism, triggering an alteration in the shape of the immunoglobulin exposing the 

Fc region. Wlien several imimmoglobulin molecules are bound to an organism and 

multiple Fc regions are exposed, subsequent immune reactions in the complement 

cascade are triggered (Cooper, 1985). In contrast, the alternative pathway runs 

continuously and spontaneously at a low level in the absence of activators such as the 

C3 component (Pangbimi and Muller-Eberhard, 1980). The final outcome of both 

the classical and alternative pathways is the lytic pathway, where the cleavage of C5

components into C5a and C5b fragments is an essential step in the cascade.
%
y

At present, deficiency of bovine complement receptor (CR) 3 is the only reported 

deficit in the bovine complement system to date. This deficiency is associated with 

the bovine leucocyte adhesion deficiency (BEAD) (Shuster et a l, 1992, Gerardi,
i . :

1996; Cox et al., 1997) and is associated with impaired microbicidal activities of |
Î-

phagocytes (Nagahata a/., 1994, 1996).
1



act on different cellular targets by binding to cell surface receptors on the cell that 

produced them, binding to receptors on other cells in close proximity and also by 

spreading thi'oughout the circulatory system and binding to cells in distant locations 

(Slifka and Whitton, 2000).
,v

;
1.2.4,1 Interleukin-1

Æ'
■i

Interleukin-1 plays a critical role in inflammation and the immune response and is 

produced by mononuclear phagocytes and other cells in response to bacteria, 

bacterial products and various soluble signals (Yu et al., 1998). The biological 

effects of IL-1 are diverse, including the induction of fever, initiation of the acute 

phase response and activation of endothelial cells and neutrophils. Interleukin-1 has 

been shown to act as a co-factor for the proliferation and activation of lymphocytes 

(Dinarello, 1996). Interleukin-1 has been shown to be of critical impoifance to host 

defences against infectious agents. Independent studies by Dinnarello (1996) and s

Lennard (1995) have shown that administration of recombinant IL-1 enhances 

resistance to a variety of pathogenic microbes and, conversely, treatment with IL-1 |

receptor antagonist, or monoclonal antibodies against the IL-1 receptor, impairs 

resistance to infection.

1.2.4.2 Interleukin-4

Interleukin-4 was first described as B-cell stimulating factor-1 (Klein and Llorejsi,

1997). It is produced primarily by activated T helper (Th) 2 cells and acts on B cells, 

T cells, macrophages, endothelial cells, fibroblasts and mast cells. Interleukin-4 is 

essential in the stimulation and differentiation of B cells (Estes et al, 1995), and has 

been shown to enhance the development of cytotoxic T cells from resting T cells 

(Klein and Horejsi, 1997).

1.2.4.3 InterIeukin-6

Interleukin-6  is a multi-functional cytokine (Montero-Julian, 2001) produced by 

several cell types including activated macrophages, T cells, B cells, bone marrow



stromal cells, fibroblasts and vasculai- endothelial cells (Van Snick, 1990). 

Interleulcin-6 exerts its biological activity tlnongh interaction with specific receptors 

expressed on the surface o f target cells by binding initially to a low affinity subunit, 

80kDa glycoprotein IL-6 receptor (IL-6R a) or gp80. The IL-6/IL-6R a complex 

recruits the signal-transducing -subunit, a 130kDa glycoprotein, gpl30 (Montero- 

Julian, 2001). Interleuldn-6  is a mediator of the acute phase response, co-stimulator 

of haemopoiesis and an essential factor in plasma-cell development (Lotz, 1995). 

High levels of IL-6  are found in autoimmune diseases, osteoporosis, multiple 

myeloma, cardiac myxoma and mesangiai glomerulonephritis (Kishimoto, 1989).

1.2.4.4 Tumour necrosis factor family

There are three members of the tumour necrosis factor family: TNF-a, TNF-(3, also 

loiown as lymphotoxin-a, and lymphotoxin-p (Gruen and Weissman, 2001). 

Tumour necrosis factor-p is produced by Thl cells and activates cluster of 

differentiation (CD)8^T cells, and has been shown to cause apoptosis of tumour cells 

and activation of neutrophils, macrophages, endothelial cells and B cells (Gruen and 

Weissman, 2001). The TNF family are encoded in three closely related genes within 

the Major Compatibility Complex (MHC). The TNF superfamily is also involved in 

immune regulation and inflammation (Eigler et a l, 1997). Due to the position of the 

TNF genes close to the MHC, a ‘masking’ of the role of TNF genes in immune 

regulation may have occurred. For example, the relative closeness of the two gene 

complexes within the same region may have resulted in early disease-association 

studies attributing effects to the MHC region, whereas, in effect they may have been 

due to the TNF region or vice versa (Ruuls and Sedgwick, 1999; Furuya et al., 2001; 

Tsukasaki et al., 2001).

1.2.5 Interferons

Fibroblasts, T cells and macrophages are the three main cell types responsible for 

production of the interferons. There are three types of interferon (IFN), IFN-a, -p 

and -7 . Interferon-y is unrelated to the other interferons and is produced by mitogen-



or antigen-stimulated T cells (Hochrein et al., 2001). Interferon-y activates many 

cell types and controls many functions, such as the enliancement of T cell expression 

of MHC class I, induction of Thl cells to produce IL-2 and IL-2R, inliibition of IL-4 

production by Th2 cells, induction of maturation in resting B cells, and the activation

1.2.6 Chemokines

;

of mature neutrophils and monocytes (Billiau, 1996). y

IMembers of this family are small molecules which, when bound to their receptors on 

vascular endothelial cells, form a concentration gradient down which leucocytes can 

migrate (Zlotnik and Yoshie, 2000). At present, between forty and fifty chemokines 

have been identified in humans (Rollins, 1997). Many of the genes encoding
,7

chemokines have been mapped, and they cluster at specific loci. Chemokines have 

been divided into the two major sub-families on the basis of the arrangement of the 

two N-terminal cysteine residues, CXC and CC, depending on whether the first two 

cysteine residues have an amino acid between them (CXC) or adjacent to them (CC)

(Zlotnik and Yoshie, 2000). Two other classes of chemokines have been described; 

lymphotactin (C, Kelner et al., 1994), and fractaline (CX3C, Bazan et al., 1997).

Members of the CXC sub-family have been shown to be potent chemoattractants and 

activators of neutrophils but not monocytes, whereas members of the CC sub-family 

have been shown to be chemoattractants for monocytes and lymphocytes but not 

neutrophils (Klein and Horejsi, 1997). It has recently been observed that chemokines 

are responsible for basic functions in the immune system, which are not directly 7

related to the inflammatory processes (Kim and Broxmeyer, 1999). These functions 

include regulation of trafficking of immature blood cells and naïve lymphocytes

(Springer, 1994; Butcher and Picker, 1996). Chemokines have been shown to 

influence the trafficking of lymphocytes at various stages of maturation from primaiy 

to secondary, and finally to tertiary lymphoid tissues.



1.3 Acquired immune system

The acquired immune system consists of two major ‘arms’. One of the ‘arms’ is 

directed against extracellular or exogenous pathogens and is antibody driven (Roitt et 

a i,  1993). This system is termed the humoral immune system. The other major 

‘aim’ is directed against the intracellular or endogenous pathogens and is termed the 

cell-mediated immune response (Janeway and Travers, 1994).

1.3.1 Humoral immune system

1.3.1.1 Immunoglobulins

Immunoglobulin is the term used to describe soluble B cell receptor or antibody. 

Immunoglobulins are glycoproteins and can be divided into five distinct classes or 

isotypes, each with structural and functional variations. Each immunoglobulin class: 

IgA, IgD, IgE, IgG and IgM, is optimised for ‘action’ within a specific enviromnent 

or against a specific group of pathogens. Research in several species has revealed 

that different types of mammals have evolved divergent molecular and cellular 

strategies for generating iimmmoglobulin (Ig) diversity (Meyer et a i, 1997). In 

cattle, four heavy chain classes have been identified: IgM, IgG, IgA and IgE, with 

tliree IgG subclasses (IgGl, IgG2 and IgG3) and two light chain types (X and ic) also 

identified (Pastoret et al., 1998). A feature of the mucosal system in ruminants is the 

prominence of IgGl relative to IgA, particularly in secretions from the mammary 

gland, whereas IgA is associated with milk fat globule membranes (Honlcanen- 

Buzalski et al., 1981). This suggests the existence of an additional transport 

mechanism for IgGl in ruminants. As no placental transfer of maternal antibodies to 

the foetus occurs in ruminants, transfer of passive immunity in cattle is ensured by 

the accumulation of extremely high concentrations of antibodies, particularly IgGl in 

colostrum and an efficient uptake of the proteins by the neonatal calf.



1.3.2 Cell mediated immune system

1.4 Cells of the immune system

1

The term ‘cell-mediated immmiity’ was originally used to describe localised 

reactions to organisms, usually intracellular pathogens, mediated by lymphocytes and 

phagocytes rather than antibody (Roitt et al., 1993). The term is now considered in a 

more general sense and is used to describe any response against organisms or 

tumours in which antibody plays a subordinate role. Cell mediated iimnunity is 

dependent on many factors including direct interactions between T cells and cells 

bearing molecules, such as MHC, that T cells recognise (Janeway and Travers,

1994). It should not be assumed, however, that cell-mediated immunity is solely 

dependent on T cell fimction. Studies using severe combined immuno-deficiency 

(SCID) mice, which have no mature T cells, have shown the presence of rapid T-cell 

independent mechanisms, involved in the recognition of bacterial pathogens, which 

resulted in immunity to some pathogens in these mice (Roitt et al., 1993).

Cell surface molecules, identified on specific cell types of the immune system and ?

detectable by their reaction with specific monoclonal antibodies have provided 

essential information about the cells of the immune system and their interactions y

(Howard and Morrison, 1991). A number of markers have been described for most 

of the cells of the haemopoietic progression, especially the T and B lymphocytic i:

lineage (Klein and Horejsi, 1997). The markers on many of the other cell types are 

less well defined. Lymphocytes express a large number of different markers on their 

surface that can be used to distinguish the different cell subsets (Reinherz and 

Schlossman, 1981; Thomas et al., 1981). Analysis of individual cell phenotype 

allows variations in origin and fimction of lymphocytes and other cell types to be 

studied. At present, a large number of cell surface markers have been identified in 

many species, each one is designated a unique cluster of differentiation number 

(CD). Considerable homology among species such as humans, rodents and



ruminants has been found between the cell surface markers expressed by leucocytes 

and the function of the cells that they identify (Howard and Morrison, 1991).

Adherence molecules are cell surface molecules that are essential in the interaction 

and binding of immune cells (Masinovsky et al., 1990; Meerschaert and Furie, 

1995). Some of the common adherence molecules are the integrins, selectins, the 

immunoglobulin superfamily and the MHC molecules. Integrins bind cells to 

extracellular matrix proteins, such as fibronectin and collagen (Lobb et al., 1991; 

Hynes, 1992; Whittard and Akiyama, 2001). Resting T cells express integrins at low 

levels and activation of the T cells results in increased expression of these adherence 

molecules. Selectins regulate the circulation and binding of leucocytes to the walls 

of blood vessels (Jutila et al., 1997). Three selectins have been identified; P-selectin 

(CD62P), L-selectin (CD62L) and E-selectin (CD62E). P- and E-selectins are found 

on capillary endothelial cells. When these cells are activated as a result of 

inflammation, the selectins bind neutrophils, activated T cells and monocytes. In 

contrast, L-selectin is found on lymphocytes and mediates their binding to high 

endothelial venules in lymphoid organs (McEver, 1994). The adhesion molecules 

such as intracelullar adhesion molecule-1 (ICAM-1), and vascular cell adhesion 

molecule-1 (VCAM-1), are part of the immunoglobulin superfamily. These adhesion 

molecules are expressed on cells such as endothelial cells following inflammation 

which allows lymphocytes and monocytes to adhere and move into inflamed tissues 

(Tizard, 2000).

1.4.1 Polymorphonuclear cells

Polymorphonuclear granulocytes have a lobed, irregular, polymorphic nucleus (Roitt 

et al., 1993). Thiee main cell types of polymorphonuclear granulocytes have been 

identified: basophils, eosinophils and neutrophils. Basophils and eosinophils 

primarily attack extracellular pathogens, in particulai- parasites (Kaufmann and 

Kabelitz, 1998), and can be differentiated by their ability to take up either acidic or 

basic dyes. The major cell type of the polymorphonuclear granulocytes is the 

neutrophil (Tizard 2000), which accounts for around 60-70% of human leucocytes
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(Roitt et al., 1993) and approximately 20-30% of bovine leucocytes (Carlson and 

Kaneko, 1973; Roth, 1994). Healthy cattle have approximately half as many 

neutrophils as lymphocytes in peripheral blood. A distinctive feature of bovine 

neutrophils is the presence of a unique third granule type in the cytoplasm (Gennaro 

gra/., 1983).

1.4.1.1 Neutrophils

Polymorphonuclear neutrophils are generally 10~20qm in diameter and have a 

granular cytoplasm with a distinctive irregular nucleus. They have been shown to be 

of major importance in the ingestion and destruction of pathogens by antibody and 

complement-dependent mechanisms (Salgar et al., 1994), and have been described as 

the primary professional killers of invading micro-organisms (Hasui et al., 1989). 

Hiunan neutrophils and neutrophils Rom most other species contain two types of 

granules: primary and secondary (Paape and Wergin, 1977). The primary granules 

are lysosomes rich in hydrolases, lysozyme, myeloperoxidase and cationic proteins 

(Bainton et al., 1971). The secondary granules contain, in addition to lysozyme, 

lactoferrin, collagenase, and vitamin B 12-binding protein (Clai'k and Klebanoff, 

1978). The additional tertiary granules identified in bovine neutrophils are larger 

than the primary and secondary granules and contain cationic antibacterial peptides 

(Pastoret et al., 1998). These peptides are unique to cattle and have been shown to 

have bactericidal properties and are believed to play an essential role in the immune 

defence system. The plasma membrane of neutrophils contains receptors capable of 

binding immunoglobulin (Fc receptors) and complement (Paape et al., 1991), as well 

as |3-adrenergic and insulin receptors (Paape et al., 1996). Neutrophils express many 

different CD molecules on their surface, the most important of which are involved in 

neutrophil attachment and opsonisation (Gbarah et a l, 1991). On neutrophils the 

main cell surface receptors identified are CD32 and CD35, receptors associated with 

opsonisation and complement, and the integrins GDI la, GDI lb  or GDI Ic which are 

linked to the common p chain GDI8 . In cattle, evidence for different GDI Ib/GD 18- 

dependent mechanisms for neutrophil diapedesis across the various cells of the 

blood-milk banier have been identified (Smits et al., 1998; Smits et a l,  2000).
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1.4.1.1.1 Process of phagocytosis

Neutrophils capture and destroy invading pathogens through the continuous process 

of phagocytosis, however, the process of phagocytosis can be divided into four 

distinct stages: chemotaxis, adherence, ingestion and digestion (Hasui et a i,  1989).

Neutrophils aie normally found circulating in the bloodstream. They are triggered to 

leave the blood as a result of increased adhesiveness of the endothelial cells and the 

production of chemoattractants such as C5a (Springer, 1990; Butcher, 1991; 

Foreman et al., 1994). The expression of adhesive molecules by the endothelial cells 

is triggered by bacterial products such as lipopolysaccharide, or by molecules 

produced by damaged tissues, such as thiombin, histamine, TNF a  and IL-1 

(Lawrence and Springer, 1991). These molecules trigger the expression of P-selectin 

by the endothelial cells which binds transiently with L-selectin on the neutrophil 

surface, slowing down the rolling of the neutrophils along the endothelial cell 

surface. Duiing this rolling, the second stage of activation occurs when platelet- 

activating factor activates the neutrophils to express the integrin CDlla/CD18 and 

they undergo a conformational change which results in increased affinity for the 

endothelial cells. Pseudopodia are then inserted between the endothelial cells by the 

neutrophils as they migrate out of the blood vessel into the tissue spaces by 

diapedesis (Lawi'ence and Springer, 1991).

Adherence of the neutrophil to the ‘foreign’ particle or bacterium does not happen 

spontaneously, since both cells are found with negative charges in the body fluids. 

The negative charge of the bacterium is neutralised by coating the surface with 

opsonins such as complement component, C3b, or antibody to promote phagocytosis 

(Scribner and Falnney, 1976; Newman and Jolmston, 1979).

As neutrophils move towards a chemotactic source, a pseudopod advances first, 

followed by the main portion of the neutrophil (Griffin et al., 1975, 1976). The 

cytoplasm of the neutrophil pseudopod contains a filamentous network of the 

proteins, actin and myosin. The pseudopod flows over and around the bacterium or 

particle allowing the binding of the opsonins and neutrophil surface receptors
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(Griffin et al., 1975, 1976). This binding allows the formation of a cup-like 

pseudopod over the particle, which eventually becomes engulfed by the cytoplasm 

and is enclosed in the phagosome (Paape and Wergin, 1977).

After phagocytosis of invading bacteria, neutrophils use one of two processes to 

destroy the invading bacteria: either an oxygen-dependent, or oxygen-independent 

mechanism is employed (Hoeben et al., 1997). Oxygen-dependent killing is loiown 

as the respiratory bui st and is a sequence of events which results in the production of 

active oxygen derivatives such as superoxide, hydrogen peroxide, hydroxyl oxygen 

and singlet oxygen (Hirabayashi et al., 1985). The oxidative burst can be monitored 

by a variety of teclmiques including monitoring oxygen consumption, 

chemiluminescence (Allen et ah, 1972), formation of redox reaction products, and 

the generation of reactive oxygen species. The oxygen-independent mechanism 

involves the release of lytic enzymes and antimicrobial peptides from intracellular 

granules (Lukacs et ah, 1985). The enzymes contained in these granules digest 

bacterial cell walls and destroy most micro-organisms, however, variation in 

susceptibility to the destruction by oxygen-independent mechanisms between 

pathogens have been observed (Klein and Horejsi, 1997).

1.4.2 Mononuclear cells

1.4.2.1 Antigen presenting cells

Antigen presenting cells (APC) are a heterogeneous population of leucocytes, which 

possess a very efficient immunostimulatory capacity (Unanue and Allen, 1987; Roitt 

et ah, 1993). Some antigen presenting cells have a pivotal role in the induction of 

the functional activity of Th cells, whereas, some interact with other leucocytes and 

their functions in maintaining an effective immune system (Glass and Spooner, 

1989).
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1.4.2.2 Dendritic cells

Dendritic cells are professional APC derived from the bone marrow and are 

distributed at sites suitable for antigen uptake thi'oughout the body tissues (Howard et 

al., 1999). These bone marrow derived leucocytes are considered to be the only cells 

able to present antigen to naïve T cells and thus initiate primary immune responses 

(Banchereau and Steimnan, 1998). Dendritic cells have been shown to be widely 

distributed in small numbers tlnoughout the body tissues, with a number of 

distinguishable phenotypes with different associated functions having been identified 

(Steimnan, 1991, Shortman and Caux, 1997). Studies in cattle have also shown the 

existence of phenotypically heterogeneous populations of dendritic cells with 

different biological properties (Howard et al., 1999).

1.4.2.3 Monocytes

Monocytes are the lai'gest of all blood cells, measuring about ISpM in diameter 

(Roitt et al., 1993). The cell surface of monocytes is abmidant in Fc receptors for 

immunoglobulins, receptors for complement as well as adherence molecules 

associated with many cells such as platelets, lymphocytes and endothelial cells 

(Rabinovitch, 1967; Huber and Fudenberg, 1970). Monocytes have been classified 

as immature tissue macrophages: monocytes leave the systemic circulation by 

diapedisis and mature into larger, more effective phagocytes, which are found in the 

tissues (Van Fuith, 1970; Volkman, 1970). The migration of monocytes to the 

tissues is markedly enlianced in response to tissue injmy or infection (Van Furth et 

a l, 1973).

1.4.2.4 Macrophages

Macrophages are mononuclear phagocytes, have a single rounded nucleus, are 

capable of repeated phagocytic activity milike neutrophils (Klein and Horejsi, 1997), 

and are found residing in tissues. Cattle, like other ruminants and pigs, have high 

numbers of pulmonary intravascular macrophages (Winlcler, 1988), which are 

thought to play a major role in the clearance of blood-borne bacteria. Phagocytosis
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of invading pathogens is just one of the functions of macrophages and they are also 

responsible for the secretion of molecules such as cytokines (Springer, 1994; Mosser 

and Kai'p, 1999), which are involved in the amplification of the immune response. 

Macrophages are essential in the control of inflammation by contributing directly to 

the repair of tissue damage by the removal of dead and damaged tissues. Another 

function of macrophages is the processing of antigen in preparation for the specific 

immune response (Harding et ah, 1995). Proteolytic antigen processing produces 

short peptides that bind to MHC molecules to generate the peptide-MHC complexes 

that are subsequently presented to T cells (Harding et ah, 1995). Upon recognition 

of the peptide-MHC complex, T cells act as mediators or regulators of the cellular 

immune reaction in addition to playing a role in the regulation of B cell function 

(Harding et ah, 1995).

1.4.2.5 Lymphocytes

Lymphocytes are central to all adaptive immune responses and play an essential role 

in the specific recognition of pathogens (Roitt, et al., 1993). The two main types of 

lymphocytes are the T cells and the B cells (Bachmaim and Kopf, 1999). T cell 

precursors arise in the bone marrow and develop into mature antigen-recognising 

cells in the thymus (Klein and Horejsi, 1997). In the case of B cells, more than one 

primary lymphoid organ or diversification mechanism has been identified among 

different species (Meyer et al., 1997). In mammalian species, such as mice and 

humans, the bone marrow has been documented as the major site of B cell 

development (Claman et al., 1966), whereas studies in both the bovine and ovine 

systems have suggested that the ileal Peyer’s patch is the site of primary B cell 

development (Meyer et al., 1997). A third population of lymphocytes which do not 

express antigen receptors are called natural killer (NK) cells (Glas et al., 2000). 

Natural killer cells are derived from lymphoid cell progenitors in the bone marrow 

and can be functionally distinguished from T and B cells by their ability to lyse 

certain tumour cell lines in vitro (Trinchieri, 1989). However, bovine NK cells have 

been shown to be less efficient at lysing tumour cell targets except when the NK cells 

undergo cytokine activation (Roth, 1994). The cell surface marker CD45 is a 

membrane protein tyrosine phosphatase expressed on all nucleated haematopoetic
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cells in various isoforms (Kong et aL, 1995). Studies have identified an essential 

role for CD45 in the activation and antigenic stimulation of T and B cells (Chan et 

al., 1994). The isoforms CD45RA and CD45RO have been shown to be an indicator 

of CD4^ T cell status, expression of CD45RA is replaced by expression of CD45RO 

following the differentiation of an activated T cell into an effector or memory T cell 

in humans (Beverley et a l, 1988; Terry et a l, 1988). However, expression of these 

isoforms is not mutually exclusive and has been observed on a small subset of T cells 

in humans (Mason and Powrie, 1990). In cattle, approximately 10% of bovine T 

cells have been shown to be double positive for CD45RA/RO (Bembridge et a l,

1995).

1,4.2.6 B cells

Only a small proportion of B cells are found within the circulatory system, the 

majority of the B cell population is found within the tissues, mainly in the cortex of 

lymph nodes, marginal zone of the spleen, bone marrow and Peyer’s Patches of the 

intestine (Von Boehmer and Kisielov, 1990). One of the main functions of B cells is 

to respond to external antigen tlnough the production of antigen-specific antibody 

(Morafo et a l, 1999). Dendritic cells have been shown to be essential for the 

activation of B cells and are responsible for the modulation of all stages of B cell 

growth and development.

Antigen binds to B cell receptors in the presence of helper T cells, IL-2 or IL-4. 

This results in a signal being transmitted into the cell, inducing increased expression 

of B cell receptors, MHC class II, IL-2, IL-4, IL-5, IL-6 , TNF-a and TGF-p 

receptors which leads to the initiation of B cell division (Morafo et a l, 1999). 

Following successful activation, B cells enlarge and divide repeatedly, as the 

immune response progresses a gradual increase in antibody affinity for antigen is 

seen. This increase in antibody affinity is in response to somatic mutation and 

selection within responding B cells. T cell cytokines bind to receptors on the B cells 

to induce their proliferation, and subsequent immunoglobulin isotype switching and 

synthesis which results in secretion of IgM specific for the inducing antigen. Most of 

the mature B cells differentiate into plasma cells, however some of the activated B
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cells will enter lymphoid follicles in the cortical area of lymph nodes where they 

form germinal centres. These germinal centres containing memory B cells are 

critical to B cell existence (Berek, 1992).

1.4.2.7T cells

T cells play a central role in the antigen-specific immune response to various 

pathogens (Saalmuller, 1998). In the majority of cases, T cells recognise antigen 

only when it is presented to them in the form of small fragments bound to MHC 

molecules on the surface of another cell (Germain, 1994). In addition to the signal 

delivered via the T cell receptor (TCR) engaged by the MHC molecule plus antigen, 

the T cell must also receive co-stimulatory signals from the APC. Only then does it 

become fully activated and is able to proliferate and differentiate into an effector cell. 

Each T cell clone has a unique TCR that is non-covalently associated on the surface 

of the T cell with a complex of transmembrane polypeptides loiown as CD3 (Tanaka 

et al., 1995). The CD3 complex consists of tlii'ee molecules y, 8 and 8 and is 

essential for T cell development, as well as for the assembly and efficient surface 

expression of the TCR (Exley et al., 1995). T lymphocytes can be divided into 

subsets according to the markers they express and their function and generally fall 

into two categories: ap  T cells or yÔ T cells. The a , p, y and 8 peptide chains are 

encoded on separate genes. In humans, in the mature T cell pool, a p  T cells 

predominate with y8 T cells as the minority population. In ruminants, however, the 

number of yS T cells is high compared with the proportions observed in humans and 

mice (Mackay and Hein, 1990; Hein and Mackay, 1991). Workshop cluster (WC)1 

is a cell-surface protein which has been identified in the major domestic mammals, 

but has not been currently recognised in humans or mice (Tizard, 2000). In cattle, 

the WCf^, C D 2\ CD8  ̂ phenotype predominates in blood but other minor subsets, 

WCT, CD2^ and CD8  ̂ or CD8", are evident and have been shown to predominate in 

the spleen and gut mucosa (Clevers et al., 1990; Wyatt et al., 1994).

Induction of a proliferative response induced by antigen in vitro is representative of 

cellular immunocompetence (ICiistensson et al., 1994). The recognition of antigenic 

peptide by lymphocytes results in proliferation and differentiation of cells and
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ultimately in clonal selection (Roitt et al., 1993). Resting lymphocytes appear as a 

homogeneous population with a low RNA and DNA content and are referred to as Go 

cells (Ki'istensen et al., 1982). On stimulation the Go cells transform into the Gi 

phase which is characterised by increased levels of RNA synthesis (Stadler et ah,

1980). The cells progress from the Gi phase to the S phase, which is detectable by 

the presence of DNA synthesis in the cells. Following completion of DNA synthesis 

the lymphocytes enter the G% phase before returning to the Go phase following 

mitosis (Stadler et al., 1980). Studies in mice and humans have indicated that IL-2 is 

required for activation and proliferation to occur (Baker and Knoblock, 1979; Gillis 

et al., 1980). Lymphocyte proliferation is an essential aspect of cell-mediated 

immunity, in children suffering from DiGeorge syndrome, the lack of mature T cells 

due to an athymic condition, results in the failure to produce a proliferative response 

when stimulated by mitogens (Markert el al., 1998).

1.4.2.7.1 ap T ceil receptor

The aP  TCR distinguishes lymphocytes into two categories, those that recognise r

peptides presented by MFIC class I molecules, and those that recognise peptides i;

presented by MHC class II molecules (Van Neerven et al., 1990). Mature human aP 

T cells can be further divided into CD4^ and CD8  ̂ molecules, with the CD4^CD8" 

accounting for approximately 60% of the cells. The CD4'CD8^ cells account for the 

majority of the remaining cells along with the double negative CD4 CD8 ' cells, 

which account for approximately 5% of the population. In cattle, MHC class II 

restricted CD4^ T cells (Baldwin et al., 1986; Howard et al., 1989) and MHC class I |

restricted CD8  ̂ T cells (Ellis et al., 1986) have also been described. Traditionally,
A

based on their function, there are two main subsets of T cells: the Tc cells which are f

CD4"CD8^ and MHC class I restricted, and the Th cells which are CDd'^CDS" and 

MHC class II restricted. Further divisions exist within the Th subgroup based on the 

functional capabilities of the cells and the cytokines they produce, which divides the 

Th cells into Thl and Th2 cells (Mossman et al., 1986). The Thl cells have been 

shown to produce cytokines associated with inflammation such as IL-2, IFN-y and 

TNF-P which induce cell mediated responses. The Th2 cells produce cytokines 

associated with B cell proliferation and differentiation such as IL-4, IL-5, IL-6 , IL-10
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and IL-13 and induce humoral immune responses (Constant and Bottomly, 1997).

Another subset of cells, classified as ThO cells, has also been identified within the Th 

group. The ThO cells have been shown to produce IL-2, IFN-y and IL-4, however, |

their function and relationship with the Thl and Th2 cells remains controversial 

(Klein and Horejsi, 1997). Current evidence suggests the existence of a much more 

complex system involving more than just the traditional Thl:Th2 paradigm (Kelso,

1995; Brown et a l, 1998).

1.4.2.7.2 yÔ T cell receptor

In humans and mice, y6 T ceils have been shown to emigrate from the thymus to 

colonise the skin, mammary gland, the reproductive organs and the intestinal wall 

(Mackay, 1988; Mackay et al., 1988). Human y8 T cells directly recognise proteins 

such as heat-shock proteins and phospholigands, in the absence of MHC binding 

(Correa et a i,  1992; Bigby et al., 1993). Mouse y8 T cells can destroy cells such as 

chicken red blood cells, cells infected with mycobacteria and some leukaemic cells 

(Tizard, 2000), and they lack expression of CD4. Possible roles for y8 T cells may I

be to regulate macrophage activation, mediate oral tolerance, or regulate the 

activation of ap  T cells (De Libero, 1997).

In ruminants, yS T cells can bind a wide variety of antigens, suggesting that they are
•Ï

of major functional significance (Hein et al., 1991). In sheep, y8 T cells express 

OvWCl and do not express CD2, CD4 or CD8 . In lambs, at birth, 60% of peripheral 

blood T cells are y8 , and by one year of age this has decreased to 30% and continues I

to decrease with age (Washington et al., 1992). Studies in cattle have shown that

proportions of y8 T cells aie consistently higher in young calves (25-30%) than in i;
::

older animals (3-10%), and that the numbers of y8 T cells also continually decrease 

with age (Clevers et al., 1990). Several subsets of the bovine y8 TCR"  ̂ have been 

identified in cattle. WCl is found on a major subset of y8 T cells. It has been 

suggested that ruminants possess large numbers of yS T cells when young (Hein and 

Mackay, 1991), in order to provide an early cell-mediated response in animals whose 

immunoglobulins are received after birth tlmough colostrum and not by placental 

transfer prior to birth (Clevers et al., 1990; Leid et al., 1998).
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1.5 Major Histocompatibility Complex

The MHC has been identified in at least 11 species of higher vertebrates (Gotze et 

aL, 1977). The genes in the MHC determine which antigens and processed and 

presented and were originally identified by investigators working on tissue 

transplantation (Engelhard, 1994). The MHC has been shown to be a major genetic 

component of infectious or autoimmune disease resistance or susceptibility in a 

variety of species (Klein, 1986; Tizard, 2000). Loci of the MHC fall into tlnee 

classes: class I loci, which regulate antigen recognition by cytotoxic T cells; class II 

loci, which govern antigen recognition by other lymphocytes; and class III loci which 

encode a variety of proteins including complement components (Klein et a l,  1982). 

Class I loci can be divided into those that are highly polymorphic, the class la loci, 

and those that show very little polymorphism, the class Ib, Ic and Id loci, with the 

class Id loci located outside the MHC region. Class II loci code for polymorphic 

molecules and class III loci code for a wide variety of proteins with a range of 

functions (Tizaid, 2000). In different species, each MHC contains all thi'ee classes of 

loci however their number, location and arrangement may differ. The nomenclature 

of the MHC also differs between species and is Imown as H-2 in the mouse (Snell, 

1958), B complex in chickens (Briles et al., 1950), human leucocyte antigens (HLA) 

in humans (Klein, 1986) and BoLA in cattle (Spooner et al., 1979). Recently, in 

humans, several genes have been described that are encoded in the telomeric end of 

the Class III region, that appear to be involved in both general and specific 

inflammatory responses. This gene-rich region has been named the Class IV region 

and includes the TNF gene family (Gruen and Weissman, 2001). This Class IV 

region may play a role in resistance or susceptibility to autoimmune diseases (Gruen 

and Weissman, 2001).
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1.5.1 Class I

The MHC class I molecules each consist of one heavy protein chain and a much 

smaller light chain, (32m (Engelhard, 1994). Peptides that bind to MHC class I are 

usually 8 or 9 amino acid residues long, which allow the amino and carboxy terminal 

ends of the peptide to fit into pockets at opposite ends of the MHC binding cleft 

(Stern and Wiley, 1994). Class la molecules are highly polymorphic and expressed 

on the surface of most nucleated cells. Each mammal studied has two or thr ee class 

la gene loci, in humans they are laiown as H, B or C, and in mice they are loiown as 

K  and D. Within each locus multiple allelic genes exist, with great variation in the 

number of class I genes among species. The role of class Ib molecules is poorly 

understood and, in mice, the gene loci ai*e found in three clusters termed Q, T  and M  

where they may code for proteins found on the surface of regulatory and immature 

lymphocytes and on haemopoietic cells. Class Ic genes are molecules with low 

levels of polymorphism found within or close to the MHC, whereas the class Id 

nonpolymorphic molecules are found outwith the MHC (Barnstable et al., 1978; 

Ploegh et al., 1981; Bjoiianan et al., 1987).

1.5.2 Class II

The class II molecule is highly polymorphic and consists of two chains which are 

similar in size, but smaller than the class I heavy chain (Engelhard, 1994). Peptides 

that bind to class II vary in length and are, on average, longer than those associated 

with class I. The binding cleft o f the class II molecules is similar in structure to class 

I molecules, however, the class II molecule lacks pockets for specifically binding the 

end of the peptide, resulting in peptide binding occurring in the middle of the cleft 

(Stern and Wiley, 1994). Within the MHC class II region of humans, five sets of loci 

have been identified: DP, DN, DO, DQ and DR (Hardy et a l, 1986; Klein and 

Figueroa, 1986) which can consist of either, or both a  and (3 chains and are 

designated A and B respectively. If multiple genes are present in a given family,
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they are distinguished by Arabic numerals, for example, DQAl, DRB3 (Klein and 

Horejsi, 1997). In all gene families, except DR, the number of loci in humans is the 

same. In the case of DR, all humans have one DRA locus but they differ in the 

number of DRB loci per cliromosome.

1.6 Bovine lymphocyte antigen system

' " I

1̂

The bovine MHC {BoLA) and at least 32 structural genes have been mapped to 

bovine chromosome 23 (Fries et al., 1993). More than 50 BoLA antigens have been 

recognised, nearly all of which behaved as alleles of a single locus {BoLA-A). Major 

histocompatibility complex class I typing teclmiques such as cell-mediated 

lympholysis (Spooner and Morgan, 1981), iimnunoblotting (Viuff et a l, 1991), 

Southern blotting (Lindberg and Andersson, 1988) and polymerase chain reaction 

(Sawhney et a l, 2001) have been used to demonstrate class I polymorphism. At 

least 12 class I genes have been identified, however, the function of some of these 

genes is still imclear (Gellin et a l,  2000).

The BoLA class II region is unique, in that it is divided into two distinct regions, a 

and b. A large inversion has moved several class II genes to the centromere of 

bovine chiomosome 23, which results in the class lib genes being sepamted from the 

classl/lla genes by a gap of 17 centimorgans. Eleven class II loci have been 

identified, but only products encoded at the DR and DQ loci in the class Ila region 

{DRA, DRB3, DQA, DQBI and DQB2) have been identified on bovine leucocytes. 

These two MHC class II regions have been identified and defined on the basis of 

genetic mapping (Andersson et a l, 1988; van Eijk et a l, 1992 (a); Russell et al., 

2000). Expression of MHC class II has been identified on many bovine cell types 

including B cells (Lewin et a l, 1985), activated T cells (Taylor et a l,  1993), alveolar 

macrophages, monocytes, and mammary epithelial cells (Fitzpatrick, 1992). In 

addition to the class I and class II genes, class III genes have also been mapped to the 

bovine MHC (Tizard, 2000).
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1.7 Major histocompatibility complex and 

disease

The function of presenting antigen to the immune system by MHC molecules is 

critical in the production of an effective immune response, and ultimately, the control 

of disease. The association between the MHC and resistance or susceptibility to 

disease has been defined in many species (McDevitt, 2000). Analysis of haplotypes 

in disease association studies has been shown to be helpful in mapping disease 

resistance and susceptibility to localised regions within the MHC (van Eijk et al., 

1992; Xu et a l, 1993).

Associations have been found between both class I and class II genes and the 

incidence of disease including persistent lymphocytosis (Stear et a l, 1988), ketosis 

(Mejdell ei a l,  1994) and mastitis (Oddgeirsson et a l, 1988, Schuklcen et a l, 1994 

and Sharif et a l, 1998). The BoLA-DR genes and their products are among the best 

characterised of the MHC genes in cattle (Ledwidge et a l,  2001). In particular, the 

BoLA-DRB3 has been widely studied and has been shown to be highly polymorphic 

with at least 170 BoLA-DRB3 haplotypes identified in major dairy and beef breeds 

(Lewin, 1996).

Resistance or susceptibility to Marek’s disease in chickens (Briles et a l, 1977) has 

been associated with the haplotypes B̂ * and B^  ̂respectively. In mice, high and low 

antibody responder lines of mice were created by selective breeding to antigens of 

different specificity (Biozzi et a l, 1979). In these mice, immune responsiveness was 

shown to be under polygenic control, with MHC-linked genes playing a partial and 

irregular role. Following seven generations of selective breeding, high and low 

antibody titre lines were associated with the effect of alleles at four independent loci 

(Cabrera et a l,  1982). In humans, the MHC haplotype has been associated with 

susceptibility to many diseases, in particular the autoimmune diseases such as 

rheumatoid arthritis (Nepom and Erlich, 1991) or type I insulin-dependent diabetes 

mellitus (Todd et a l,  1987). In pigs, the Swine Lymphocyte Antigen (porcine MHC)
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has been shown to have a major influence on major reproduction traits and growth 

rates (Vaiman et al., 1998). Associations between allelic variants of the bovine 

MHC {BoLA) genes and occurrence of disease, as well as immune responsiveness in 

cattle, has been well documented (Lewin et al., 1999). Associations between 

production traits, health traits and MHC class Ï alleles in cattle have been reported. 

Certain BoLA alleles have been associated with percentage milk fat (Hines et al., 

1986), protein yield (Batra et al., 1989), increased neutrophil function and numbers 

(Weigel et al., 1991), tick infestation (Stear et al., 1989) and with resistance to 

leukosis (Xu et al., 1993). Different BoLA haplotypes have been associated with 

resistance or susceptibility to mastitis in different breeds of cattle (Mejdell et al., 

1994; Mallard et al., 1995). The A ll  and A16 haplotypes are associated with 

susceptibility to mastitis in Norwegian Red and Swedish Red and White cattle 

(Lunden et al., 1990), while A ll  is associated with resistance to mastitis in Holstein 

cattle (Weigel et ah, 1990).

Association between BoLA MHC class II alleles and bull breeding have been shown 

with respect to many factors including clinical mastitis, ketosis, retention of the 

placenta and milk fever (Lunden et al., 1991). In one study in cattle, it was reported 

that allele DRB3.2^16 increased the susceptibility to mastitis as estimated by an 

increase in somatic cell count, with allelles DRB3.2^'ll, 12 and 23 associated with 

resistance to clinical mastitis (Dietz et al., 1997 (b)). More recent studies have 

identified the MHC II haplotypes DRB3.2*23 with an increased susceptibility and 

DRB3.2^16 with a decreased risk of mastitis in Canadian Holsteins (Sharif et al.,

1998). The study by Sharif et al. (1998) studied Holstein-Friesian cows in at least 

their second lactation and reported that DRB3.2*I6 was associated with a significant 

reduction in somatic cell counts. The study by Sharif et al. (1998) graded the level 

of mastitis which occurred in these animals and identified the pathogens responsible 

for the cases within the grades. The identification of the causative agent of diseases 

such as mastitis is an essential aspect of the identification of resistant or susceptible 

BoLA alleles as the influence of the BoLA alleles on immune function may differ 

between the major disease-causing pathogens (Dietz et al., 1997 (a)).
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1.8 Cattle breeding

Clearly defined breeding objectives are vital for effective genetic improvement of all 

livestock species (Amer et ah, 2001). Breeding objectives were first proposed for 

animals by Hazel (1943), and since then, multiple-trait selection indexes have 

become the method of choice for maximising genetic gain in a chosen breeding 

programme. At present, selection of dairy cattle for breeding worldwide is based on 

profitability. Until recently, the selection of dairy cattle in the United Kingdom 

utilised indices such as the profit index number (PIN), index of total economic merit 

(ITEM) and profitable life index (PLI). These indices combined many 

measurements including production and type traits to calculate an economic estimate 

of specific sires thi’ough analyses of their daughters. From February 2001, the 

multiple trait across country evaluation (MACE) index has been introduced. The 

MACE index has been introduced due to the globalisation of dairy cattle breeding 

and the requirement for accurate information regarding the performance and genetics 

of animals worldwide, irrespective of initial variations in ranlcing systems between 

countries (Holstein Friesian Society, www.hfs-gbi.org). Dairy cattle have typically 

been selected largely on production and conformation-associated traits such as udder 

depth, teat length, angularity and hoof angle (Brotherstone and Hill, 1991). Traits for 

selection such as clearance of the udder from the ground and tighter fore udder 

attachment have been correlated with a reduction in log somatic cell coimt, somatic 

cell score and subsequently in a reduction in the incidence of clinical mastitis 

(Rogers et ah, 1991; Lund and Jenson, 1996; Boettcher et aL, 1998). Selection of 

dairy cattle based on production traits has been extremely successful, resulting on 

average in an improved annual yield of approximately 2-3% (Honhenboken, 1987). 

The emphasis of beef selection traits have focussed on factors affecting traits such as 

growth rates, feed intake and conversion rates and carcass composition (Simm,

1998).

Traditionally, maintenance of animal health has relied upon livestock that have not 

been selected specifically to optimise their genetic potential for health (Gavora and 

Spencer, 1983). In dairy cattle, production traits such as yield of milk and milk solids
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are examples of traits of primary economic concern to the dairy breeder, in addition 

to traits such as longevity, disease resistance and reproductive efficiency. Selection 

for a combination of production related and disease resistance traits is likely to be 

more beneficial and cost effective. In beef cattle, economic traits such as 

postweaning growth and feed efficiency are important components of the overall 

efficiency of beef production systems (Smith et aL, 1976), with traits related to 

carcass characteristics, and the rate and efficiency of lean tissue gain becoming 

increasingly important because of the consumer trend for leaner meat (Kempster et 

a l, 1988). In addition, reproductive traits are also of importance to the beef 

production industry with estimated breeding values (EB V) of beef sires reflecting the 

two main economic requirements for the beef industry: the beef value and the calving 

value (Simm, 1998; Avoncroft Sire Information 2001).

Understanding how immune responses are regulated In ruminants is critical for 

devising future strategies to direct immune responses toward desired effector 

functions required to either prevent infection or eliminate disease rapidly (Brown et 

ah, 1998). Such strategies may identify possible genetic mai'kers for these immune 

responses to be incoi*porated into future breeding indices for dairy and beef cattle.

1.9 Quantitative trait loci

Quantitative trait loci (QTL) have been identified and mapped onto regions of 

specific chromosomes in many species for a range of effects including obesity in 

mice (Snustad and Simmons, 2000), immune function in pigs (Edfors-Lilja et a l, 

1998, 2001) and susceptibility to cardiovascular disease in humans (Vogler et a l, 

1997). Primary linlcage maps covering all chromosomes are now available for all the 

major livestock species (Clark, 1998). The majority of traits seleeted in livestock 

production are quantitative traits; i.e. the individual phenotype reflects the action of 

several genes, confounded by environmental effects. Mapping the underlying genes 

or QTL should allow for marker assisted selection, which is expected to increase the
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rate of genetic progress (Georges et aL, 1993). Complex traits, such as disease 

resistance and lactation, are under the control of many genes, each with a different 

phenotypic contribution (Heyen et aL, 1999). The current genetic linkage map of 

cattle consists of more than 1,500 genetic markers. The majority of these markers |

are polymorphic microsatellites with known map locations (Heyen et aL, 1999).

Quantitative trait loci have been identified in cattle in association with milk 

production (Ashwell et aL, 1998, Nadesalingam et aL, 2001), health traits (Zhang et 

aL, 1998) and body conformation traits (Mrode et aL, 2000).

1.10 Mammary gland function

The bovine mammary gland has many forms of defence against invasion by 

pathogenic organisms, combining non-specific and specific systems, including |

anatomical features of the gland and humoral and cellular defence mechanisms |

(Outteridge and Lee, 1988). Humoral defences include the specific defences such as 

the immunoglobulins (Dimcan et aL, 1972) and the non-specific defences such as 

lactoferrin, lysozyme lactoperoxidase and complement (Reiter, 1978). Neutrophils, 

macrophages, lymphocytes and epithelial cells are the cells normally found in 

mammary secretions. The numbers and proportions of these cells vary between 

individuals and the stage of lactation (Lee et aL, 1980). In spite of the presence of 

considerable numbers of immune cells in the local mammary gland enviromnent, it 

has been shown that the mammary gland is generally immunologically compromised 

when compared to the rest of the body (LIurley et aL, 1990). The functions of all 

types of white blood cells in milk: neutrophils, lymphocytes and macrophages, have 

been shown to be reduced compared to cells isolated from blood (Paape et aL, 1975).

Neutrophil recruitment from blood is therefore, essential to the defence of the 

mammary gland against bacteria (Smits et al., 2000). Neutrophils migrate from 

blood across endothelium into the extracellular matrix and then across mammary 

epithelium into the infected lumen, making effective recruitment of functional 

neutrophils from the blood an essential requirement. Lymphocytes also play an
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essential role in control of pathogenic invasion of the mammary gland (Kelirli and 

Goff, 1989). Although less well defined, lymphocytes have many roles within the 

mammary gland, sueh as antibody secretion, which has been shown to facilitate 

phagocytosis by neutrophils (Lukacs et ah, 1985). Re-circulation of lymphocytes 

may also play a critical role in the defence of the mammary gland. Approximately 

10% of lymphocytes in adult animals are able to migrate from peripheral blood to 

tissue and then into the lymph nodes (Trnlca and Cahill, 1980). Adhesion molecules 

have been shown to be of critical importance in the re-circulation of lymphocytes to 

the lymphatic organs or effector sites (Picker, 1994; Springer, 1994). In addition, T 

cells expressing a memory phenotype have been shown to preferentially re-circulate 

to the site of initial antigenic stimulus, laiown as lymphocyte homing (Mackay et ah, 

1992).

Assessment of milk cells in the laboratory is problematic, requiring large volumes of 

milk, resulting in relatively poor yields of lymphocytes and neutrophils. Another 

complication of assessing milk cell function is the fat may interfere with components 

of the assay. Due to the potential problems of assessing milk cell function and the 

well-documented re-circulation of the lymphocytes back into the systemic system, 

assessing the peripheral blood cells may provide an accurate and true reflection of 

immune function in the mammary gland of individual animals.

1.11 Staphylococcus aureus

Staphylococcus aureus is a Gram positive, catalase producing, coccus, a commensal 

of the skin, and has been shown to account for 25-30% of bovine mastitis cases in the 

United Kingdom (Sutra and Poutrel, 1993). Staphylococcus aureus is the 

predominant cause of subclinical mastitis (Wilson and Richards, 1980), where an 

elevated somatic cell count may act as an indicator of infection. Staphylcocci invade 

deep into the mammary gland (Blowey, 1990) and can survive and multiply within 

host phagocytic cells (Sandholm and Mattila, 1986). This evasion mechanism results
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in the host defence and subsequent antibiotic treatment being incapable of 

completely eliminating the micro-organism from the udder. Treatment of 

staphylococcal mastitis is further complicated by the existence of many strains of S. 

aureus which can cause infection, each with variations in sensitivity to antibiotics 

(Webster, 1993; McKellar, 1996). Alternative methods to prevent staphylococcal 

bovine mastitis, such as vaccination, have been attempted, but have had limited 

success (Slanetz et aL, 1963). Due to the lack of successfiil treatment for 

staphylococcal mastitis, the identification of animals, which were natuially resistant 

to such a disease, would be highly beneficial to the dairy industry in the future.
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1.12 Aims

A previous study in Holstein-Friesian cattle carried out by Logan (2001) which 

developed an in vitro immunological assay to accurately measure the in vitro 

proliferative response of peripheral blood mononuclear cells (FBMC) induced by 

Staphylococcus aureus identified significant variation among individuals, progeny 

from two different sire groups and among Holstein-Friesian bulls in their S. aureus- 

induced in vitro PBMC proliferation. One aspect of this previous study looked at the 

assessment of the proliferative ability of bulls selected on the basis of their predicted 

transmitting ability (PTA) for somatic cell count (SCO), where the PTA for SCC is 

used as an estimate of the effect of the sires’ genes on SCC, and thus, a measure of 

the likely incidence of subclinical mastitis in the subsequent progeny from that bull. 

Two groups of five Holstein-Friesian bulls were selected on their extreme values of 

PTA for SCC: bulls with a high PTA for SCC may have progeny with a higher than 

average SCC, whereas bulls with a low PTA for SCC may have progeny with a 

lower than average SCC. The S. aureus~\\\&\xcQd proliferative response of these two 

groups of bulls, showed a strong negative correlation (-0.07, p<0.05) with PTA for 

SCC, which indicated that bulls with low PTA for SCC were more likely to have 

high levels of S'. aureus-mà\xcQ,à in vitro PBMC proliferation, and conversely, bulls 

with high PTA for SCC were more likely to have low levels of S. aureus-inàucQà in 

vitro PBMC proliferation. Analysis of MHC class II DRB-RFLP allele frequency, 

identified that bulls with low PTA for SCC and thus high levels of S. aureus-mdacQd 

in vitro PBMC proliferation had RFLP patterns associated with DRB3.2^'16, an allele 

associated with resistance to bovine mastitis in many studies. The study by Logan 

(2001) identified a method to accurately assess S. aureus-induceà in vitro PBMC 

proliferation in male and female Holstein-Friesian cattle, and highlighted a possible 

association with MFIC-RFLP pattern and resistance or susceptibility to S. aureus 

mastitis.

The overall aim of this current study was to expand on the previous work by Logan 

(20 0 1 ) by assessing the immune function in a genetically defined population of 

Holstein-Friesian cross Chaiolais male and female cattle from six months of age. 

Over 300 second generation animals consisting of F2, Holstein-Friesian backcross
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and Charolais backcross animals were sampled. One aspect of the project was to 

determine the specific immune response by assessing S. aiireus-inducQd in vitro 

PBMC proliferation and a non-speeific immune response by assessing 

Phytohaemagglutinin-induced (PHA) in vitro PBMC proliferation in all the animals 

at approximately six months of age. The aim was to look for variation among 

individuals and to assess if any correlation existed between PBMC proliferation and 

cross or sire.

The second main focus of the project was to develop a method to assess the 

polymorphonuclear in vitro phagocytosis of FITC-labelled (2.0|uM) latex beads. 

Once a reliable method was developed, assessment of variation in PMN phagocytic 

ability among individual animals was cai*ried out. Correlation between PMN 

phagocytic ability and cross and sire was also assessed. The identification of any 

correlation between non-specific immune functions in PBMC and PMN and specific 

and non-specific immune function between PBMC and PMN in terms of PHA- 

induced or S. aureiis-inducQd PBMC proliferation and PMN phagocytosis was also 

explored.

The ultimate goal of this study is to identify QTL in cattle associated with speeific 

and non-specific immune function in relation to in vitro PBMC proliferation and in 

vitro PMN phagocytosis that may be exploited in future to improve animal health 

and production on commercial farms.
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Chanter 2

Materials and Methods

2.1 Introduction

This project was designed to measure the peripheral blood mononuclear and 

polymorphonuclear cellular responses of cattle from approximately six months of 

age onwards using a range of in vitro assays that assess various aspects of cellular 

fimction induced by both non-specific and specific immunological stimuli.

One of the spécifié aims of this project was to assess the proliferative responses of 

peripheral blood mononuclear cells (PBMC) in vitro. Following previous 

preliminary studies in commercial Holstein-Friesian cattle (Fitzpatrick et aL, 1999), 

that indicated variation in S. aureus-mducQd in vitro PBMC proliferation among 

individual animals, it was considered relevant to look at S. aureus-inàwcQà 

proliferation as an indicator of specific immunity in a lai’ge population of research 

cattle from which accurate genetic information was available. T lymphocyte- 

specific, mitogen-induced proliferation of PBMC, induced by Phytohaemagglutinin 

(PHA) as an indicator of non-specific immunity was also measuied in the research 

herd. In total, 319 animals were sampled at approximately six months of age over 

the three years of the study (Table 2.1).

32



T3

T300

(/)

'O SO

-a
so 00Tfso

T3

CL

SO
SO

pLi

CL

(N

33



Another aim of this study was to develop various in vitro assays to assess PMN cell 

phagocytosis in cattle. The initial part of this work involved the development of a 

procedure to isolate PMN effectively from bovine blood, resulting in a highly 

purified PMN population. This population was then used for assessment of in vitro 

phagocytosis of isolated PMN from individual animals. The development of the 

assay involved assessment of the in vitro phagocytosis of FITC-labelled (2.0pM) 

latex beads and Fluoroscein Isothiocyanate (FITC)-labelled S. aureus (Molecular 

Probes Europe BV, The Netherlands) by an isolated PMN population over a 16 hour 

incubation period. Assessment of in vitro phagocytosis of FITC-labelled latex beads 

by isolated PMN populations from individual animals was canied out on all calves 

born in the 2000 cohort. A small subset of animals were used for the preliminary 

development of an assay which assessed the in vitro phagocytosis of FITC-labelled 

S. aureus by isolated PMN populations from individual animals.

Due to the current debate over potential disadvantages of the isolation procedure 

used to obtain a pure PMN population, such as the alteration o f the functional ability 

of the PMN by the possible modification of adhesion molecules or premature 

activation of the PMN, development of an in vitro assay for assessing phagocytosis 

of FITC-labelled (2.0pM) latex beads by PMN populations in whole blood in cattle 

was also carried out. A small subset of animals were employed for this part of the 

study.
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2.1.1 Herd structure

The study involved sampling second generation Holstein-Friesian cross Charolais 

animals at the Roslin Institute, Edinburgh (Appendix A, Figure 2.1). Previous work 

at the Roslin Institute had established the initial FI (50:50 Holstein-Friesian cross 

Charolais) resource herd. This second generation resource herd included 

approximately 84 Holstein-Friesian backcross (FO Holstein-Friesian dams crossed 

with unrelated FI sires) animals, and approximately 52 Chaiolais backcross animals 

(FI dams crossed with unrelated FO Charolais sires). Of the remaining animals, 172 

were F2 Holstein-Friesian:Charolais (50:50) crosses and 11 had unconfirmed sire 

data. There were a total of eight FI sires, which were coded; RO l, R02, R05, R 11, 

R12, R15, R19 and R21, and four FO Charolais sires which were coded; CHIOS, 

C H I58, CH200 and CH219. This resource herd had previously been established to 

identify QTL associated with commercially relevant traits in cattle such as meat 

quality, growth rate, carcass development and included traits relevant to disease 

resistance or susceptibility. This genetic cross represented extremes of dairy breeds 

(Holstein-Friesian) and beef breeds (Chaiolais), and was used to obtain the 

maximum potential for the detection of relevant QTL within the second generation 

population when compaied to a pure-bred population for both QTL and marker loci. 

This was designed to achieve as much relevant information as possible from a 

relatively small population of animals. Selection between breeds can achieve 

dramatic and rapid genetic change when there are large genetic differences between 

populations in characteristics of economic importance such as milk production for 

dairy breeds or growth rate for beef breeds (Simm, 1998).
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2.2 In vitro peripheral blood mononuclear cell 

proliferation

2.2.2 Experimental animals sampled over 12 months of age

The females were followed throughout the tliree years of the project at approximately 

12 month intervals i.e. the 22 females born in the 1998 cohort of sampling were 

subsequently sampled at 18 and 30 months of age (Table 2.2). The females from the 

1999 cohort were also sampled at 18 months of age (Table 2.2). The male calves 

were slaughtered at approximately 500kg for the assessment of traits such as meat 

quality and carcass development.
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2.2.1 Experimental animais sampled at approximately six 

months of age

I
€

For this part of the study all male and female second generation calves (Table 2.1), 

were sampled, at approximately six months of age to determine their in vitro PBMC 

proliferation induced by S. aureus NCTC 13047 and PHA (Sigma Aldrich Limited,

Poole, Dorset, United Kingdom). This strain of S. aureus was originally isolated 

from a naturally occurring case of subclinical mastitis from a Holstein-Friesian cow 

(Young, 1997). Approximately tlnee months after the initial sampling, 

approximately 35% of the total number of second generation animals were re

sampled for measurement of inter-assay repeatability over the tliree years of the 

study (Table 2.1)



YEAR OF BIRTH FEMALES SAMPLED

S is  MONTHS OLD s30 MONTHS OLD

1998 Cohort 22 22

1999 Cohort 57 NA

Table 2.2: Females sampled over 12 months of age for assessment of in vitro PBMC 

proliferation. NA=No animals of that age in the study in that year. Column two 

shows the females sampled at approximately 18 months of age and column three 

shows the females sampled at approximately 30 months of age.
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2.2.3 Antigen

Before the assessment o f in vitro PBMC proliferation could be carried out in the 

study, accurate identification of the S. aureus NCTC 13047 strain was undertalcen. 

Methods to identify phenotypic traits such as enterotoxin production in conjunction 

with genotypic identification by restriction enzyme fragmentation pattern (REFP) 

analysis were used to confirm the Staphylococcus strain type used was NCTC 13047. 

Optimisation of the concentration of formalin-fixed S. aureus used to induce 

maximal in vitro proliferation of PBMC in the assay was also caiTied out.

2.2.3.1 Confirmation of Staphylococcus aureus NCTC 13047 strain 

type by restriction enzyme fragmentation pattern analysis

Purification of DNA was carried using a method described by Young et al. (2001). 

Briefly, S. aureus inoculated brain heart infusion (BHI, Oxoid Limited, Basingstoke, 

UK) broths were centrifriged (4480g for 10 minutes) and resuspended in 3 x 1ml 

volumes of Tris ethylene diamine tetra acetic acid (EDTA) sodium chloride buffer 

(TES), After centrifugation (13,800g for 30 seconds) pellets were re suspended in 

200pl TES (50mM sucrose) containing 20pl lysostaphin (1000 units/ml. Sigma 

Limited, Poole, Dorset, UK) and lOOpl lysozyme (40mg/ml, Sigma Limited), 

voitexed thoroughly and incubated at 37°C. Standard DNA isolation and 

purification was followed as described by Platt et aï. (1995), samples were finally 

microcentrifuged (13,800g for 10 minutes) and resuspended in 60pl TE (lOmM Tris 

base, ImM disodium EDTA (pH8.0)). Restriction digestion of each sample using 

restriction enzyme Hha I (Gibco Life Technologies Limited, Paisley) was carried 

out, with bacteriophage X DNA digested with Hha I, Kpn I and Pst 1 as controls. 

Restriction products were electrophoresed in a 0.8% agarose gel at 25mA overnight 

and stained using ethidium bromide (0.5-L0pg/ml) before being photographed on a 

transilluminator at 302mn using Polaroid film type 655.
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Confirmation of strain type was caiTied out using a commercially available 

programme (Platt and Sullivan, 1992), with X DNA that had been digested using 

restriction enzymes Kpn I and Pst I as calibration controls. Restriction fingerprints 

were compared using a coefficient of similarity following digestion with the same 

restriction enzyme (Dice, 1945). The molecular weight of the control fragments was 

fitted to a robust modified hyperbola, from which the size of restriction fragments in 

adjacent tracks was estimated. Nmnerical values were stored for subsequent 

graphical output which was on a logarithmic scale, the experimental variation in 

fragment size did not exceed 5% (Plikaytis et aL, 1986).

2.23.2 Determination of enterotoxin production by Staphylococcus 

aureus NCTC 13047

Enterotoxin production was determined for enterotoxins A, B, C and D using the 

Staphylococcal enterotoxin rapid passive latex agglutination (SET-RPLA) test kit 

(Oxoid Limited). Briefly, 10ml of tryptone soya broth (Oxoid Limited) was 

inoculated aseptically with a single colony of S. aureus NCTC 13047 and incubated 

at 37°C for 24 hours. The sample was then centrifuged at 900g for 20 minutes at 

4°C. Following centrifugation, 25 pi of the supernatant was added to the first row of 

wells in a 96-well plate as indicated by the protocol and doubling dilutions of the 

sample were earned out across the plate. A duplicate plate containing toxin controls 

was set up to aid in the interpretation of positive results. Levels of enterotoxin 

production were determined following 24 hours of incubation without agitation at 

room temperature by assessment of the levels of agglutination within the wells.

2.2.3.3 Determination of Staphylococcal toxic shock syndrome toxin 

production by Staphylococcus aureus NCTC 13047

Staphylococcal toxic shock syndrome toxin (TSST-1) production was determined 

using the toxic shock syndrome toxin rapid passive latex agglutination (TST-RPLA) 

test kit (Oxoid Limited). Briefly, 10ml of brain heart infusion (BHI) broth (Oxoid 

Limited) was inoculated aseptically with a single colony of N aureus NCTC 13047 

and incubated at 37°C for 24 hours. The sample was then centrifuged at 900g for 20

40 s
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minutes at 4°C. Following centrifugation, 25 pi of the supernatant was added to the 

first and second row of each well in a 96-well plate as indicated by the protocol and 

doubling dilutions of the sample were canied out from the second row across the 

plate. A duplicate plate containing a TSST-1 control was set up to aid in the 

interpretation of positive results. Levels of TSST-1 production were determined 

following 24 hours of incubation without agitation at room temperature by 

assessment of the levels of agglutination within the wells.

2.23.4 Preparation of formalin fixed Staphylococcus aureus NCTC 

13047

Ten millilitres of BFII broth (Oxoid Limited) was inoculated aseptically with a single 

colony of S. aureus NCTC 13047 and incubated at 37°C for 24 hours. Following 

incubation, sheep blood agar (Oxoid Limited) streak plates were prepared to confirm 

purity of the culture and to allow single colonies to be used for the inoculation of 4 x 

100ml cultures of S. aureus NCTC 13047 which were then incubated at 37°C for 24 

hours. Following incubation, the bacterial suspension was centrifuged at llOOg for 

10 minutes at 20°C. The supernatant was decanted and the cell pellet was 

resuspended in sterile PBS and the wash step was repeated a further three times. 

Finally, the cell pellet was resuspended in 2% formalin (vol/vol) in PBS and 

incubated with continuous stirring at 4°C for 72 hours. After formalin-fixing the 

sample was washed thi'ee times as described above. Finally the cell pellet was 

resuspended in 50ml sterile PBS and stored at -20°C. Before storing, aliquots were 

removed: one aliquot was used to determine the concentration by counting the 

number of bacteria per millilitre of cell suspension of the formalin-fixed suspension 

in a Neubaeur haemocytometer; the second aliquot was streaked onto sheep blood 

agar and incubated at 37°C for 96 hours to confirm that formalin fixing had been 

successful.

In order to assess the S. aureus-ïnàncQd in vitro PBMC proliferation in the second 

generation of cattle over the thi'ee years of the project accurately, a single 

concentrated batch of formalin-fixed S. aureus NCTC 13047 was prepared. Several 

batches of formalin-fixed S. aureus NCTC 13047 were prepared before a sufficiently
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concentrated batch was obtained. The stock concentration of the batch used in the 

study was 1.81 x 10^  ̂formalin-fixed S. aureus per millilitre.

2.2.4 Preparation of autologous serum for in vitro culture of 

peripheral blood mononuclear cells

Twenty millilitres of blood was collected from each animal aseptically by jugular 

venepuncture into a ‘plain’ vacutainer (Becton Dickinson, Cowley, Oxford, UK). 

The samples were incubated at 37°C for 30 minutes and then at 4°C for 30 minutes 

to aid the clot retraction. Following incubation, the samples were centrifuged at 

1300g for 15 minutes at 20°C, the serum fraction was then removed by pasteur 

pipette and transfeiTed to a sterile 7ml bijoux. The serum samples were then heat 

inactivated for 30 minutes at 56°C, and subsequently stored at -20°C until required.

2.2.5 Preparation of “̂ complete’ basal medium Eagles

Twenty millilitres of anti-coagulated (heparin vacutainer, 143USP units, Becton 

Dickinson) blood was collected from each animal, aseptically by jugular 

venepuncture, and transferred to a sterile 50ml tube (Greiner, Stonehouse, 

Gloucestershire, United Kingdom). The sample was then diluted with 10ml of 

Hanks Balanced Salt Solution without calcium or magnesium (HBSS, Sigma), and 

underlayed with 20ml of Histopaque 1077 (Sigma). The sample was centrifuged, 

without the bralce to prevent disruption of the density gradient, at 700g for 40
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Basal media. Eagles (BME, Gibco, Life Teclinologies Ltd., Paisley) with Earles salts 

and without L-glutamine (Gibco) was supplemented with 2mM L-glutamine (Gibco), 

20mM Hepes (Gibco), 50pg/50units/ml of streptomycin/penicillin (Gibco) and then 

stored at 4 C until required.

2.2.6 Isolation of peripheral blood mononuclear cells



minutes at 20°C. Following centrifugation, the huffy coat containing the PBMC was 

removed and transferred to a fresh 50ml tube. The sample was then diluted with 

HBSS to give a final volume of 50ml and centrifuged at 400g for 10 minutes at 

20°C. The supernatant was discai'ded and the cell pellet was resuspended in HBSS 

and the wash step was repeated a fui’ther three times. Finally, the supernatant was 

discarded and the cell pellet was resuspended in two millilitres of ‘Complete’ Basal 

Medium Eagles (BME, Gibco). Peripheral blood mononuclear cells were counted 

using a Neubaeur haemocytometer and adjusted to give a final concentration of 2.0 x 

10  ̂cells/ml/per well. This cell concentration was previously optimised for in vitro S. 

aureus-inducQd cell proliferation (Logan 2001).

2.2.6.1 In vitro peripheral blood mononuclear cell proliferation

One millilitre of PBMC suspension (4.0 x 10*" cells) and 1ml of either formalin-fixed 

S. aureus NCTC 13047 (2.0 x 10  ̂ cells) or mitogen PHA (5pg per millilitre, Sigma) 

were added to each well of a 24 well flat bottom plate (Bibby Sterilin, Staffordshire, 

United Kingdom) that contained 40pl heat inactivated autologous serum. Peripheral 

blood mononuclear cell cultures were incubated at 37°C with 5% CO2 over a 10 day 

period.

2.2.6.2 Assessment of peripheral blood mononuclear cell 

proliferation by incorporation of H - Thymidine

Following thorough mixing of individual PBMC culture wells in the 24 well plates, 

lOOpl aliquots were removed in triplicate into a 96 well round bottomed plate (Bibby 

Sterilin), and ‘pulsed’ with IpC per well of ^H-Thymidine (Amersham Pharmacia 

Biotech UK Limited, Amersham Place, Buckinghamshire, UK) on days two, thi'ee, 

four, five, nine, and ten of culture. Ninety six well plates were incubated at 37°C 

with 5% CO2 for six hours. Following incubation, 96 well plates were removed and 

stored at -20°C until harvesting.
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Ninety-six well plates were ‘harvested’ using a Filtermat 196™ Cell Harvester 

(Canberra Packaid). Ninety-six well filter plates (Canberra Packard, Pangbourne, 

Berkshire, United Kingdom) were washed tliree times with deionised water before 

the PBMC were harvested onto the filter. The 96 well plate was washed a fui'ther 

five times to ensure the complete removal of the PBMC from the 96 well plate onto 

the filter and the filter plates were dried at 55°C for approximately 60 minutes. 

Scintillation fluid was added and the filter plates were counted using a Topcount 

Microplate Scintillation and Luminescence Counter™ (Canberra Packard). Results 

were expressed as either counts per minute of ^H-Thymidine incorporation (mean of 

the triplicate) or as stimulation indices (SI) which were calculated by dividing the 

test well (PBMC plus antigen or mitogen) mean counts per minute by the control 

well (PBMC in the absence of antigen or mitogen) mean counts per minute as an 

indicator of in vitro PBMC proliferation. Wliere stated mean values are expressed as 

Mean ± Standard Error of the Mean (S.E.M.).

2.2.7 Optimisation of in vitro proliferative assay

Optimum concentrations of both S. aureus NCTC 13047 and PHA were determined 

for use in the in vitro PBMC proliferation assay. Optimum concentrations were 

calculated by ruiuiing preliminary assays over a wide range of concentrations for 

both S. aureus NCTC 13047 and PHA. Optimum concentrations were confirmed by 

repeating the assay on the same individuals on at least one occasion.

Preliminary assays to determine the optimum dilution of the formalin-fixed S. aureus 

in induction of in vitro PBMC proliferation were carried out using a range of 

concentrations between 0.5 x 10  ̂ - 5.0 x 10  ̂ formalin-fixed S. aureus per millilitre.

This was assessed in five individual second generation animals. The S. aureus- 

induced response was assessed on days two, four, five, six, seven and nine of in vitro 

culture. The optimisation was repeated using the same animals and conditions with a K

narrower range of concentrations of between 0.5-1.5 x 10  ̂Y aureus per millilitre.
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A range of concentrations of PHA of between 1 pg-SOpg per millilitre were assessed 

in thi'ee individual animals to determine the optimum PHA-induced in vitro PBMC 

proliferation. Phytohaemagglutinin-induced response was assessed on days one, 

two, three, four and nine of in vitro culture.

2.2.8 Major histocompatibility complex DRB3 allele 

restriction fragmentation length polymorphism pattern 

identification in females from 1999 cohort.
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Identification of the MHC DRB3 sequence and RFLP pattern for the females from 

the 1999 cohort was carried out by Despoina Miltiadou of the Roslin Institute.

Despoina Miltiadou kindly gave permission for the data to be used to highlight the 

existence of any possible association with high or low S. nwrew^-induced or PHA- i

induced in vitro PBMC proliferation and MHC DRB allelle pattern identified by |

RFLP pattern. Briefly, MHC DRB3 allele patterns generated following PCR 

amplification and restriction digestion with Rsa I, Hae III and Bst YI were compared 

with previously published data, which were already attributed to sequenced alleles by
I

prediction of restriction sites (Van Eijk et aL, 1992 (a); Gelhaus et aL, 1995). #



2.3 Polymorphonuclear cell phagocytosis

2.3.2 Isolation of peripheral blood polymorphonuclear cells

Forty millilitres of anti-coagulated (EDTA, 15%, Becton and Dickinson) blood was 

collected aseptically from each animal by jugular venepuncture and transferred to a 

sterile 50ml tube. The samples were centrifuged at 1500g for 10 minutes at 20°C. 

Following centrifugation, the plasma, buffy coat and upper layer of red blood cells 

were discarded. The sample was made up to a final volume of 50ml with erytlnocyte 

lysis solution (ACE, 0.15M ammonium chloride, 7 x lO'̂ ^M potassium dihydrogen 

phosphate and 0.003M Trisodium EDTA), inverted several times to ensiue thorough 

mixing, and centrifuged at 500g for five minutes at 20°C. Following centrifugation, 

the supernatant was discarded and the wash step was repeated with 30ml of the 

erythi'ocyte lysis solution. The supernatant was again discarded and the cell pellet 

was resuspended in 30ml PBS (Sigma). The sample was layered onto 20ml 

Histopaque 1077 (Sigma) and centrifuged at llOOg for 25 minutes at 20°C without 

the brake, to prevent the disruption of the density gradient. Following centrifugation 

the supernatant and the interface were discarded to leave only the cell pellet. The
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2.3.1 Experimental animals

The study involved sampling a subset of the second generation Holstein-Friesian /'

cross Charolais animals at the Roslin Institute, Edinburgh as deseribed previously 

(Section 2.1). All animals in the 2000 cohort were sampled at approximately six 

months of age for this part of the study

The preliminary optimisation and development of the assay involved using Holstein- 

Friesian cattle under home office licence at Cochno Farm, University of Glasgow 

Veterinary School. The use of these Holstein-Friesian cattle was undertalcen when 

sampling of the Robogene herd was prevented temporarily.
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cell pellet was resuspended in 50ml PBS and centrifuged at 500g for three minutes at 

20°C. The PBS wash step was repeated a further three times before the sample was 

finally resuspended in 1ml RPMI 1640 (Sigma) containing 5% heat inactivated adult I
bovine serum (Harlan Sera-Lab, Loughborough, Leicestershire, UK). Isolated cell 

populations were counted using a Neubauer haemocytometer and adjusted to give a I
final concentration of 0.5 x 10  ̂cells per millilitre.

2.3.3 Assessment of in vitro phagocytosis in the isolated 
polymorphonuclear cell population

2.3.3.1 In vitro phagocytosis of FITC-labelled latex beads in the 

isolated polymorphonuclear cell population

Development and optimisation of the in vitro phagocytosis of FITC-labelled latex 

beads involved the assessment of various factors that may affect the assay. The 

addition of heat inactivated fetal calf serum, heat inactivated adult bovine serum or 

heat inactivated autologous serum to the media was compared. The phagocytosis of 

a range of sizes of FITC-labelled latex beads, from 0.1 pM to 2.0pM, was also 

compai’ed. The effect of different PMN:FITC-labelled latex bead ratios was 

assessed. Another aspect of the development was the assessment of a range of time 

points, from 0 hours to 20 horns, to determine the most relevant time points to 

measure phagocytosis. Levels of non-specific adherence of the FITC-labelled latex 

beads to the PMN cell surface were determined by running a duplicate set of samples 

for each individual animal at 4°C. Incubating a duplicate sample at 4°C has 

previously been shown by flow cytometry and scamiing electron micrograph to be an 

indicator of non-specific adherence to the PMN cell surface in humans, as 

phagocytosis was shown to be inhibited by low temperatures (Santos et al., 1995).

47



23.3.2 Assessment of in vitro phagocytosis of FITC-labelled latex 

beads in the isolated polymorphonuclear cell population

Isolated bovine PMN populations were incubated at 37°C in 5% CO2 with 2pM 

FITC-labelled latex beads (Sigma Limited) at a ratio of 1:50 (isolated PMN:FITC- 

labelled latex beads) with RPMI 1640 containing 5% (vol/vol) heat inactivated adult 

bovine serum. Duplicate samples were incubated at 4°C. Aliquots from both the 

4°C and 37°C samples were removed at 0 minutes, 1 hour, 6 hours and 16 hours after 

the start of the incubation and the reaction was terminated by the addition of 1ml ice 

cold 0.4% paraformaldehyde. Following incubation at 20°C for one minute, the 

samples were centrifuged at 250g for tluee minutes at 4°C, the samples were then 

centrifuged and the supernatant was discarded, the cells were washed in ice cold PBS 

and centrifuged at 250g for three minutes at 4°C. The wash step was repeated a 

further tluee times, before the sample was finally resuspended in 0.5ml 1% 

pai'aformaldehyde and stored at 4°C and analysed by flow cytometry within one 

week.

2.3.3.3 Flow cytometry

Flow cytometry was carried using a Coulter EPICS ELITE’̂ ^ flow cytometer (Becton 

Dickinson). The cell suspension was passed through the flow cytometer to assess the 

phagocytosis of FITC-labelled (2.0pM) latex beads or FITC-labelled S', aureus. 

Output was visualised using multiple graphs. Graphs of side scatter versus forward 

scatter were used to assess the granularity of the cells and the size of the cells 

respectively. A gate was set on the side scatter versus forward scatter graph to 

segregate the PMN population. The PMN population was identified as a population 

containing relatively large, granular cells whereas, the mononuclear cell (MNC) 

population was a smaller, less granular cell population. A total of 10,000 cells were 

counted within the PMN gate. Individual gates were set for the in vitro phagocytosis 

of FITC-labelled (2.0pM) latex beads by PMN in whole blood (section 2.3.5) to
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differentiate between the PMN population and the mononuclear cell population. 

Again, a total of 10,000 cells were counted within the PMN gate.

Linear graphs of fluorescence versus the number of cells were used to assess the 

levels of fluorescence in the cell populations as an indicator of phagocytosis of 

FITC-labelled (2.0pM) latex beads. Gates were set on the linear graphs to 

con'espond to the visible peaks of fluorescence which indicated the phagocytosis of 

one, two, or greater than two FITC-labelled (2,0pM) latex beads (Santos et aL, 

1995). Logaritlimic graphs were used to assess the levels of fluorescence in the cell 

populations as an indicator of phagocytosis of FITC-labelled S. aureus. Gates were 

set on the logaiitlunic graphs to correspond to the visible pealcs of fluorescence for 

the phagocytosis of FITC-labelled S. aureus. An individual gate was set to monitor 

the cell population which showed no visible levels of fluorescence and was presumed 

to not have phagocytesed any FITC-labelled latex beads or FITC-labelled S. aureus 

during the assay.

2.3.4 In vitro phagocytosis of FITC-labelled Staphylococcus 

aureus in the isolated polymorphonuclear cell population

2.3.4.1 Experimental animals

A small subset of approximately 20 second generation animals were sampled for this 

part of the study.

2.3.42 Assessment of in vitro phagocytosis of FITC-labelled 

Staphylococcus aureus in the isolated polymorphonuclear cell 

population

Isolation of the PMN population was carried out as described above (Section 2.3.2). 

The isolated PMN population was incubated at a PMN:FITC-labelled S. aureus at a
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ratio of 1:50 and incubated under identical conditions as described above for the 

FITC labelled latex beads (Section 2.3.3.2).

2.3.5 In vitro phagocytosis of FITC labelled latex beads by 

polymorphonuclear cells in whole blood

2.3.5.1 Experimental animals

A small subset of approximately 20 second generation animals were sampled for this 

part of the study.

2.3.5.2 Assessment of in vitro phagocytosis of FITC-labelled latex 

beads by polymorphonuclear cells in whole blood

The original method used for this part of the work was obtained by personal 

communication with Dr E. Glass at the Roslin Institute, Roslin, Midlothian. Further 

development and optimisation was carried out before use. Briefly, 10ml of anti

coagulated (heparin vacutainer, 143 USP units, Becton Dickinson) blood was 

collected from each animal aseptically by jugular venepmicture. The total number of 

white cells were calculated per lOOpl of whole blood with white cell counting fluid 

used as a diluent (<0.1 pg ciystal violet in 2% (vol/vol) acetic acid). The 

approximate number of PMN per 100 pi was estimated using reference ranges 

(Radostits et al., 1994) and lOOpl of whole blood was added to each Falcon 2054 

tube (Becton Dickinson). FITC-labelled latex beads (2.0pM) were added to give a 

PMN:FITC-labelled latex bead ratio of 1:50, the samples were vortexed for a few 

seconds and then incubated as described above (Section 2.3.3.2) at 37°C in 5% CO2 

with duplicate samples at 4°C. Following incubation, the samples were placed 

immediately on ice at 4°C, 1ml of a 1:10 (v/v) FACS Lyse solution (Becton 

Dickinson) was added to lyse the red blood cells present, the sample was then mixed 

thoroughly and incubated on ice for a futfher 10 minutes. Samples were then
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centrifuged at 200g for five minutes at 4°C, the supernatant was removed and the 

lysis step was repeated. Following the second lysis the cell pellet was resuspended in 

3ml of cell wash solution (Becton Dickinson) and centrifuged at 200g for 5 minutes 

at 4°C. This wash step was repeated a further 3 times. Finally, the cell pellet was 

resuspended with 1% paraformaldehyde in cell wash solution and stored at 4°C and 

analysed by flow cytometry within one week (Section 2,3.3.3).
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2.4 Data exploration and analyses

2.4.1 Distribution of the data

Preliminary analyses of all raw data involved the use of a univariate analysis 

procedure using the statistical package SAS (version 6.12, USA). The univariate 

analysis procedure allowed the assessment of the distribution of the raw data by 

various graphical teclniiques, normal probability plots, box and whisker plots and 

histograms. The statistical calculations obtained using the univaiiate analysis 

procedure included the number of observations (n), the mean, standard deviation, the 

skewness and the kurtosis of the data sets. Quantité ranges were obtained for the box 

and whisker plots and extreme data values were also identified with the univariate 

analysis procedure.

2.4.2 Box and Cox transformation

Further preliminary data analysis was carried out to determine the optimal methods 

for transformation of the data to obtain a normal distribution. The Box and Cox 

analysis was carried out using Minitab (Release 13). Box and Cox analysis estimates 

an optimal transformation of the data by estimation of a lambda value (À.) which 

corresponds to a recognised transformation of the data (Box and Cox, 1964) (Table 

2.3).

52



LAMBDA VALUE (X) TRANSFORMATION

2.0

1.0 No transformation required

0.5 Vy

0 logeY

-0.5 1 /
/ # )

-1.0 1
Y

Table 2.3; Examples of Box and Cox transformation X values and the optimal 

transformations to obtain a data set which would fit a normal distribution. Y=value.
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2.4.3 Correlations

2.4.3.1 Correlation of individual animal responses between days of 

culture (peripheral blood mononuclear cell proliferation) or time 

points (polymorphonuclear cell phagocytosis)

Data which fitted a normal distribution (either without tranformation or following the 

relevant transformation suggested following preliminary analyses) was assessed for 

correlation of individual animal responses between days of culture (PBMC 

proliferation) or time points (PMN phagocytosis) using Pearson’s Product Moment 

Correlation Coefficient. The Pearson Product Moment Correlation Coefficient is 

used to give an estimation of the degree of linear relationship that exists between two 

variables. The significance level (p value) of the correlation between the two 

variables was also determined.

2.43.2 Correlation of individual animal responses at re sampling 

(approximately three months after initial sampling)

The correlation of individual animal responses at re-sampling (approximately thi'ee 

months after initial sampling) was assessed using the Peai'son Product Moment 

Correlation Coefficient as described above (Section 2.4.3) when only two variables 

were analysed.

2.4.4 Analysis of variance

Analysis of variance (ANOVA) was used to assess any correlation between the in 

vitro PBMC proliferative responses in the females from the 1998 cohort when 

sampled at approximately six, 18 and 30 months of age. Analysis of variance is used 

when more than two variables are analysed, and was performed in Minitab (Release 

13). Post-hoc analyses was used to indicate which variables, if any, were 

significantly correlated (p<0.05).
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2.4.5 Paired /-test

Variation between two related data sets i.e. the S. awrewy-induced in vitro PBMC 

proliferation in the 1999 females in the sampling years 1999 and 2000, was assessed 

using a two-way paired ^-test (Minitab, Release 13). A significant p  value, and 95% 

confidence intervals which did not pass through zero, indicated that the two 

population means assessed were significantly different.

2.4.6 Data analysis

2.4.6.1 Linear Mixed Models - Residual Maximum Likelihood

Transformed data was fuither analysed using linear mixed model analysis with 

residual maximum likelihood (REML) estimation using the statistical software 

package Genstat (5̂ *̂  Edition, Numerical Algorithms Group Limited, Wilkinson 

House, Oxford, UK). The Y variate, fixed effect and random effect model was 

defined for each parameter i.e. S. aureus-màuo^Qà, PHA-induced and control in vitro 

PBMC proliferation and in vitro phagocytosis of FITC-labelled (2.0pM) latex beads. 

The significance of fixed effects in the model were determined by examining the 

significance of the factors using the Wald Test to identify the significance of the 

factors when the individual terms were consecutively dropped from the full fixed 

model. Significance was determined by assessment of the 3-way interactions, 

followed by 2-way interactions and finally, the fixed factors in the model. All non

significant interactions were removed sequentially from the fixed model until only 

the significant interactions (if any) and the single factors remained. The significance 

of random effects in the model were determined by calculating the significance of the 

-2*log likelihood ratio. Significance of the random factors was determined by 

assessing the difference between the deviance and degrees of freedom in the model, 

with and without the random factor included, and determining any significance using

55



2.4.6.2 Model used in assessment of in vitro peripheral blood 

mononuclear cell proliferation

2.4.6.2.1 Complete data set model

For the complete data set, the S. awrewy-induced, PHA-induced and control 

proliferation was assessed as the Y variate in the model. The REML model used in 

the analyses of the complete data set, except in the analyses of the control as the Y 

variate, where control was removed as a fixed factor was:

Fixed sex + cross + year of birth + sample date + sample age + control 

Random sire

2.4.6.2 2 Subset model

The REML model used for the analyses of the subsets of males and females, except 

in the analyses of the control as the Y variate, where control was removed as a fixed 

factor was:

Fixed cross + year of birth + sample date + sample age + control

Random sire

■L

a X statistical reference table. Both the table of effects and the table of predicted

means could be used to identify variation between levels within significant factors, 

for example, variation between males and females, where a significant effect of sex 

may have been identified. Analysis was carried out on the complete data set, the 

males and females together, and on the males and females as single sex subsets.
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The REML model used for the analyses of the subsets of males and females was:

Fixed cross + sample date + sample age

Random sire

4

2.4.63 Model used in assessment of in vitro phagocytosis of FITC 

labelled (2.0 pM) latex beads in the isolated polymorphonuclear cell

population

4
2.4.63.1 Complete data set model

For the complete data set, the percentage total phagocytosis of FITC-labelled 

(2.0pM) latex beads at 0, 1, 6 or 16 hours incubation OR gated populations (i.e. 1 

bead, 2 beads or > 2 beads) was examined. The REML model used was:

Fixed sex + cross + sample date + sample age

Random sire

2.4.6.3.2 Subset model

57



Chapter 3

Results

3.1 /«  vitro peripheral blood mononuclear cell 

proliferation

3.1.1 Confirmation of Staphylococcus aureus NCTC 13047 

strain type by restriction enzyme fragmentation pattern 

analysis

Single colonies of S. aureus were analysed by REFP analysis before preparation of 

the formalin-fixed S. aureus NCTC 13047 and optimisation of cell proliferation in 

vitro. Staphylococcus aureus NCTC 13047 was identified by comparison with a 

standard stock strain of S. aureus NCTC 13047 which had been identified previously 

and stored as a graphical computer generated image (Young, 1997). Following 

digestion of the S. aureus with the restriction enzyme Hha. I and subsequent 

computer analysis, the S. aureus NCTC 13047 strain was confirmed as matching the 

profile of the standard stock strain with 25 fragments identified, ranging from 2.92 

kilobases to 9.59 kilobases in size. A graphical computer generated example of S. 

aureus NCTC 13047 is shown in Figure 3.1, lanes four and six.
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Figure 3.1: Graphical computer generated output showing an example o f S. aureus 

NCTC 13047. Lanes one and two show Pst I and Kpn I digested X DNA 

respectively. Lanes four and six show S. aureus NCTC 13047. The remaining lanes 

show two other strains o f S. aureus, lanes three, five, eight to seventeen show 

individual colonies from one strain and lane seven shows a different strain.
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3.1.2 Determination of enterotoxin production by 

Staphylococcus aureus NCTC 13047

Enterotoxin production by S. aureus NCTC 13047 was determined to add to the 

phenotypic information previously obtained about this strain, including colony 

morphology and coagulase production. No agglutination was visible in the wells 

containing S. aureus NCTC 13047 supernatant and anti-enterotoxin A sensitised 

latex particles, anti-enterotoxin B sensitised latex particles or anti-enterotoxin C 

sensitised latex particles, suggesting that strain NCTC 13047 did not produce 

enterotoxins A, B or C. Agglutination was seen in the wells containing S. aureus 

NCTC 13047 supernatant and anti-enterotoxin D sensitised latex particles, indicating 

that this strain produced enterotoxin D.

3.1.3 Determination of Staphylococcal toxic shock syndrome 

toxin production by Staphylococcus aureus NCTC 13047

No agglutination was visible in the wells containing S. aureus NCTC 13047 

supernatant and anti-TSST-1 sensitised latex particles, indicating that this strain did 

not produce TSST-1 .

3.1.4 Optimisation of Staphylococcus aureus NCTC 13047— 

induced in vitro peripheral blood mononuclear cell 

proliferation

A range of concentrations of S. aureus were assessed to determine the S. aureus- 

iiiduced in vitro PBMC proliferation in five individual second generation animals. 

The mean optimal peripheral blood mononuclear cell proliferation was shown to 

occur at a concentration of 1.5 x 10  ̂Y aureus per millilitre (Figure 3.2). At the
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optimal antigen concentration on day five of culture the mean (± S.E.M.) S. aureus- 

induced proliferation was 24873.1 + 5799.9 counts per minute. Three of the five 

individual cattle had an optimal antigen response at a concentration of 1.5 x 10  ̂ S'. 

aureus per millilitre, with the peak response occumng on either day four or day five 

of culture. The other two individuals had an optimal antigen response at a 

concentration of 0.5 x 10  ̂S', aureus per millilitre (data not shown). Control cultures 

of PBMC, had low levels of proliferation tliroughout the assay e.g. mean (± S.E.M.) 

proliferation measured on days two and five of cultuie were 158.9 ± 76.4 and 42.7 ± 

5.9 counts per minute respectively (Figure 3.2).

The optimisation of proliferation was repeated using the same individual animals 

with a narrower range of concentrations of between 0.5-1.5 x 10  ̂ S', aureus per 

millilitre. The proliferative response to the antigen at the concentrations 1.0 x 10  ̂S'. 

aureus per millilitre and 1.5 x 10  ̂ S', aureus per millilitre was similar (Figui'e 3.3), 

with means (± S.E.M.) on day four of culture of 68238.9 ± 11342.3 and 72820.6 ± 

6252.6 comits per minute, respectively. Three of the five individuals tested had an 

optimal antigen response at a concentration of 1.0 x 10  ̂& aureus per millilitre, with 

the two remaining animals showing an optimal antigen response at a concentration of

1.5 X 10  ̂S', aureus per millilitre (data not shown). Control cultures of PBMC, had 

low levels of proliferation throughout the assay e.g. mean proliferation (± S.E.M.) on 

days two and four of culture was 644.0 ± 119.6 and 128.1 ± 12.3 coimts per minute, 

respectively. From these preliminary results, 1.0 x 10  ̂ S', aureus per millilitre was 

chosen as the optimal concentration of antigen and was employed subsequently in 

the assays.

3.1.5 Optimisation of Phytohaemagglutinin-induced in vitro 

peripheral blood mononuclear cell proliferation

A range of concentrations of PHA were assessed to determine the optimum PHA- 

induced in vitro PBMC proliferation in tluee individual second generation animals. 

All tluee individuals had an optimum response at a PHA concentration of 5pg per
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millilitre. A peak PHA-induced response was shown on day tliree of culture (Figure

3.4), with a mean (± S.E.M.) of 46476.2 ± 32669.6 counts per minute. A 

concentration of 5pg per millilitre was used subsequently in all assays. Control 

culture of PBMC, had low levels of proliferation throughout the assay e.g. mean (± 

S.E.M.) proliferation on day thi'ee of culture was 188.5 ± 35.6 counts per minute 

(Figure 3.4).

3.2 Assessment of in vitro peripheral blood 

mononuclear cell proliferation in second 

generation animals.

3.2.1 Experimental animals sampled at approximately six 

months of age.

The in vitro S. aureus and PFIA-induced PBMC proliferation was assessed in all 

animals on one occasion at approximately six months of age. Animals were sampled 

in batches of approximately 16 per week. Due to the different management and 

housing regimes that were required for the different sexes under other aspects of the 

Robogene project, males and females were housed separately. The female calves 

were housed indoors almost immediately from birth, whereas, the male calves were 

allowed to remain with their mothers on pasture until they were weaned before 

winter housing. For this reason, the batches of 16 animals sampled were either all 

male or all female. Variation in both S. aureus and PHA-induced in vitro PBMC 

proliferation was seen among individual animals (Figures 3.5 and 3.6). Variation in 

S. aureus and PHA-induced in vitro PBMC proliferation was seen among animals on 

all days of culture (Figures 3.7 and 3.8, respectively), however, the largest variation 

among individual animals was seen on the peak days of culture for S. aureus and 

PHA-induced proliferation, i.e. day five and day three, respectively. Mean (± 

S.E.M.) S aureus-AnàucQà proliferation was 25835 5 ± 1890.3 on day five of culture
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and the mean PHA-induced proliferation was 46247.8 ± 1886.1 on day tln*ee of 

culture. In vitro control proliferation of PBMC, was relatively low thi'oughout the 

assay e.g. mean (± S.E.M.) proliferation on days two and five of culture were 1003.2 

± 2.8 and 730.1 ± 4.8 counts per minute, respectively (Figure 3.9).

Comparison of S. aureus and PHA-induced in vitro proliferation on individual days 

o f culture allowed observation of the variation in the antigen and mitogen-induced 

responses and compaiison of the kinetics of both responses (Figure 3.10). For 

example, on day tliree of culture there was a relatively low level of S. aureus-màxacQà 

proliferation, whereas the PHA-induced proliferation was maximal in most 

individuals on day tliree. As the duration of culture increases, a reduction in the 

PHA-induced proliferation was observed, whereas the S. aureus-màxxcQà 

proliferation reached maximal levels of proliferation by day five of culture in most 

individuals. By day ten of cultme, very little cell proliferation was measurable in the 

presence of either antigen or mitogen (Figure 3.10), due to the large proportion of 

dead and dying cells in culture at this time point.

3.2.2 Females over 12 months of age

Approximately 22 females born in the 1998 cohort and 57 females in the 1999 cohort 

were assessed in the subsequent sampling years. Both S. aureus and PHA-induced in 

vitro PBMC proliferation was measured.

3,2.2.1 1998 cohort

The mean (± S.E.M.) S. aureus-inà.\\eQà proliferation for the 1998 cohort decreased 

considerably from 1998 to 1999, with only slight variation between 1999 and 2000 

(Figure 3.11). On day five of culture there was a significant decrease (p<0.001) in 

the mean (+ S.E.M.) S. aureus-md\\o.Q<X proliferation between 1998 and 1999 from 

62550.8 ± 8241.7 counts per minute in 1998 to 18823.1 ± 3214.4 counts per minute 

in 1999. No significant difference in the mean (± S.E.M.) S. aureusAxvàuoQà 

proliferation between 1999 and 2000 was identified (Figure 3.11). Variation was.
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m
> -  100000  -

s  aureus Control PHA
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> -  100000

s. aureus Control PHA

200000 - I

100000 -

S. aureus Control PHA

Figure 3.10: A comparison o f in vitro PBMC proliferation on days three (a), five (b) 

and ten (c) of culture, showing all second generation animals sampled at 

approximately six months o f age (n=319). Peripheral blood mononuclear cell 

proliferation is expressed as counts per minute (̂ H thymidine incorporation). The 

plots show the median (line within the box), and 75*'’ percentiles (box), 10*’’ and 

90“’ percentiles (whiskers) and the outliers (symbol).
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however, seen in the mean (± S.E.M.) control PBMC proliferation between the 

sampling years. No significant variation was seen between 1998 and 1999, however, 

there was a significant increase (p<0.001) in the control PBMC proliferation between

1999 and 2000: for example, the mean (± S.E.M.) control PBMC proliferation on day 

five of culture was 89.4 ±11.0 and 1179.5 ± 656.8 counts per minute, respectively 

(Figure 3.11).

Mean (± S.E.M.) PHA-induced proliferation increased considerably from 1998 to

2000 (Figure 3.12). Significant variation in the mean (± S.E.M.) PHA-induced 

proliferation was seen between 1998 and 1999 (p<0.05) and 1999 and 2000 

(p<0.05), e.g. mean (± S.E.M.) PHA-induced proliferation was 58050.9 ± 4369.8 

and 89740.1 ± 8076.0 counts per minute in 1999 and 2000, respectively. Significant 

variation was seen in the mean (± S.E.M.) control PBMC proliferation between 1998 

and 1999 (p<0.001) and 1999 and 2000 (p<0.001): for example, the mean (S.E.M.) 

control proliferation was 759.5 ± 156.0, 196.9 ± 48.0 and 1592 ± 547.0 counts per 

minute in 1998, 1999 and 2000, respectively (Figure 3.12).

3.2.2.2 1999 Cohort

The mean (± S.E.M.) S. aureus-inducQd proliferation for the 1999 cohort was very 

similar over the time course of the assay overall between 1999 and 2000, however 

there was a marginal decrease on day five of culture from 1999 to 2000 (Figui'e 

3.13). Overall, the mean (± S.E.M.) control proliferation showed very little variation 

between 1999 and 2000 over the time course of the assay e.g. mean (± S.E.M.) 

control PBMC proliferation on day five of culture was 268.3 ± 42.1 and 290.8 ± 42.5 

counts per minute, respectively (Figure 3.13).

Mean (± S.E.M.) PHA-induced proliferation was very similar on days two, nine and 

ten of culture in 1999 and 2000, however, on days three (p<0.05), four (p<0.001) and 

five (p<0.005) there was a significant decrease in the PHA-induced proliferation 

from 1999 to 2000 (Figure 3.14). As mentioned above, the mean (± S.E.M.) control 

proliferation showed very little variation between 1999 and 2000 over the time
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3
course of the assay e.g. mean (± S.E.M.) control PBMC proliferation on day three of 

culture was 922.8 ± 152.4 and 1236.9 ± 228.1 counts per minute respectively,

(Figure 3.14).

3.3 MHC DRB 3 allele restriction fragmentation 

length polymorphism pattern identification in 

females from the 1999 Cohort

Identification of the MHC DRB3 sequence and the RPLP patterns for the females 

from the 1999 cohort was carried out by Despoina Miltiadou of the Roslin Institute.

These data were used to investigate the possible existence of an association with high 

or low S. cfwr(2wy-induced, or PHA-induced in vitro PBMC proliferation, and MHC 

DRB 3 allele patterns identified following RJFLP analysis.

3,3,1 Ranking of Staphylococcus aureus-mdnced or 

Phyatohaemagglutinin-induced in vitro PBMC proliferation

The females from the 1999 cohort were ranlced according to their level of S. aureus- 

induced and PHA-induced in vitro PBMC proliferation. The females were ranked by 

individual animal from those with the highest level of proliferation to those with the f

lowest level of proliferation on day four of culture (Appendix B), day four was 

chosen because of the significant correlation of individual animal responses at re

sampling in all the parameters assessed. Table 3.1 shows the animals ranked for S. i

aureus-mdnced and PHA-induced in vitro PBMC proliferation and their 

corresponding RFLP DRB allele patterns. The ranked data show that animals with 

high S. aureus-mdnced proliferation do not necessarily have high PHA-induced 

proliferation, indeed, only two animals are found in the highest ranked 15 for both S. 

aureus-mdnced and PHA-induced proliferation. Animal 14804 is ranked number 

one for S. aureus-mdnced proliferation and number 11 for PHA-induced 

proliferation, whereas animal 14910 is ranked number 12 for S. aureus-
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RANK S. a«rg«$-induced PBMC proliferation PHA-induced PBMC proliferation

Cow Number RFLP Pattern Cow Number RFLP Pattern
1 14804 3V23 14882 1\10

2 14898 24\22 14859 23/8

3 14846 15/23 14869 24/22/7/28

4 14815 16\26 14921 23\10

5 14852 7\10 14820 22\24
6 14835 23\10 14876 22/23

7 14879 24\22 14900 18\23

8 14897 24\1 14922 11\3

9 14826 22/24/16 14910 28\23
10 14878 23\13 14811 23\24

11 14829 23\10 14804 3\23
12 14910 28\23 14890 10\22
13 14915 16/23 14838 10\8
14 14820 22\24 14933 24\11
15 14819 11\22 14856 24\11

42 14816 13\23 14829 23\10
43 14882 1\10 14826 22/24/16
44 14901 11\23 14927 10\2
45 14884 12\22 14915 16/23
46 14921 23\10 14835 23\10
47 14861 22\24 14860 10\11
48 14906 3\22 14816 13\23
49 14859 23/8 14909 23
50 14877 23\13 14878 23\13
51 14843 23 14877 23\13
52 14808 1\26 14883 16/3
53 14917 7\23 14861 22\24
54 14876 22/23 14846 15/23
55 14905 24\23 14834 16\7
56 14899 24V22 14863 23

Table 3.1: MHC alleles identified by RFLP pattern for females in the 1999 Cohort 

(n=57). Column two shows the highest and lowest ranked 15 animals for S. aureus- 

mdnced PBMC proliferation and column four shows the highest and lowest ranked 

15 animals for PHA-induced PBMC proliferation on day four of culture. Animals in 

red are in the highest ranked 15 for both S. aureus-mdnced and PHA-induced 

proliferation. Animals in blue are in the lowest ranked 15 for both S. aureus-mdnced 

and PHA-induced proliferation. Animals in aqua boxes are in the highest ranked 15 

for S. aureus-mdnced proliferation and the lowest ranked 15 for PHA-induced 

proliferation. Animals in the pink boxes are in the highest ranked 15 for PHA- 

induced proliferation and the lowest ranked 15 for S. aureus-mdnced proliferation. 

Columns three and five show the RFLP patterns identified for the animals in columns 

two and four respectively. Allele DRB 3.2*16 is highlighted in green.
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induced proliferation and number nine for PHA-induced proliferation. Conversely, 

only two animals were identified in the lowest ranked 15 animals for both S. aureus- 

mdnced and PHA-induced proliferation. Animal 14861 was ranked number 47 for S.
t

aureus-mdnced proliferation and number 53 for PHA-induced proliferation, whereas
I'

animal 14877 was ranked number 50 for 5". aureus-mdnced proliferation and number 

51 for PHA-induced proliferation.
A

Results show that some animals with high S. aureus-mdnced proliferation have low 

PHA-induced proliferation and, conversely, that some animals with high PHA- I

induced proliferation have low S. aureus-mdnced proliferation. Six animals (14846,

14835, 14826, 14878, 14829 and 14915) were identified in the highest ranked 15 f

animals for S. aureus-mdnced proliferation and in the lowest ranked 15 animals for ?

PHA-induced proliferation, and four animals (14882, 14921, 14859 and 14876) were 

identified in the highest ranlced 15 animals for PHA-induced proliferation and in the 

lowest ranlced 15 animals for S. aureus-indnced proliferation (Table 3.1).

3.3.2 Restriction fragment length polymorphism allele 

pattern

■ A
.The females from the 1999 cohort showed considerable individual variation in the 

RFLP allele patterns identified. Variation in allele pattern was seen in the animals v

with both high and low S. aureus-mdnced and PHA-induced proliferation in vitro 

PBMC. Of the five (14815, 14826, 14834, 14883 and 14915) females from the 1999 

cohort which possess DRB 3.2*16, tlu'ee of the five (14815, 14826 and 14915) are in 

the highest ranked 15 animals for S. aureus-mdnced proliferation and four of the five 

(14826, 14915, 14883 and 14834) are in the lowest ranked 15 animals for PHA- 

induced proliferation.
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Chapter 4

Results

4.1 Polymorphonuclear cell phagocytosis

4.1.1 Assessment of in vitro phagocytosis by the isolated 

polymorphonuclear cell population

4.1.1.1 Development

The yield and viability of the isolated polymorphonuclear cell (PMN) population was 

assessed as part of the preliminary assay development. Assessment of the lysis 

buffers, ACE and Bushmans, on four individual second generation animals was 

carried out. Preliminary isolation of PMN using the lysis buffers, ACE and 

Bushmans, resulted in very poor yields, which were found to be as low as 10% of the 

total PMN isolated from whole blood. Preliminary mean (± S.E.M.) PMN yields 

from four second generation animals following lysis with ACE and Bushmans were

11.1% ± 2.4% and 7.0% ± 1.2% respectively. Use of the lysis buffer, ACE, resulted 

in a greater yield of polymorphonuclear* cells and a greater level of viability of the 

isolated cell populations compared to use of the Bushmans lysis buffer. The 

isolation with ACE lysis buffer was repeated until the laboratory technique was 

developed effectively to obtain an adequate yield of at least 60% of the total PMN 

available in the blood samples. The mean (± S.E.M.) percentage viability from four

81



A:,|

second generation animals, assessed using trypan blue was 90.5% ± 1.5% and 75.0% 

± 5.29% for the lysis buffers ACE and Bushmans, respectively.

4.1.1.2 Assessment of non-specific extracellular adherence

Some authors describe the potential problem of non-specific adherence o f the FITC- 

labelled particles to the outside of the PMN cell surface, resulting in an 

overestimation of total phagocytosis. Many methods of quenching the non-specific 

fluorescence prior to flow cytometry have been described, however, one author 

(Santos et al., 1995), showed use of a duplicate sample at 4°C as an indicator of non

specific adherence where, at this temperature, beads adhered to cells but were not 

phagocytosed. In the current study, assessment of the non-specific adherence was 

earned out for phagocytosis of FITC-labelled latex beads and FITC-labelled S. 

aureus at each time point (Figure 4.1). Phagocytosis of FITC-labelled latex beads 

had very low levels of non-specific adherence of approximately 1% throughout the 

assay, whereas, phagocytosis of FITC-labelled & aureus showed high levels of non

specific adherence at 4°C, ranging from approximately 45.0% ± 8.0% at zero hour's, 

to 48.1% ± 8.3% at one hour, and 74.6% ± 1.4% at eight hours of incubation (Figure 

4.1). When the non-specific adherence levels measured at 4°C were subtracted fiom 

the phagocytosis at 37°C, a more accurate indicator of the actual phagocytosis was 

seen (Figui'e 4.2), especially for the phagocytosis of FITC-labelled S. aureus. Due to 

the low levels of non-specific adherence following phagocytosis of the FITC-labelled 

latex beads at all the time points, only the non-specific adherence at one hour 

incubation was used for comparison with phagocytosis at 37°C at all time points. 

Due to the high levels of non-specific adherence following phagocytosis of the 

FITC-labelled S. aureus, it was considered necessary to continue with a duplicate 

sample at 4°C for each time point during the incubation.

4.1.13 Serum supplementation

The effect of adding heat inactivated fetal calf serum, heat inactivated adult bovine 

serum or heat inactivated autologous serum to the media at 5% (vol/vol) on in vitro 

PMN phagocytosis was assessed on three Holstein-Friesian lactating cows from

8 2
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Cochno faim. No significant differences were seen in the level of phagocytosis in 

the isolated neutrophil population when the media was supplemented with heat 

inactivated autologous serum or heat inactivated adult bovine serum, whereas heat 

inactivated fetal calf serum resulted in significantly (p<0.05) lower levels of 

phagocytosis (Figure 4.3). Commercial heat inactivated adult bovine serum was 

chosen for all subsequent assays for reasons of low cost and ease of preparation and 

use.

4.1.1.4 Variation in bead size

Three different sizes of FITC-labelled latex beads; 0.1 pM, l.OpM and 2.0pM were 

assessed for use in the assay. Following incubation of isolated PMN and FITC- 

labelled beads, there was no visible indication of phagocytosis using flow cytometry 

of the 0.1 pM and l.OpM FITC-labelled latex beads at any of the time points 

compared to the control sample containing isolated PMN only at zero hours (Figure

4.4). Measurable levels of phagocytosis were only detected in the samples incubated 

with the FITC-labelled 2.0pM beads (Figme 4.5). The FITC-labelled 2.0pM beads 

were, therefore, employed subsequently in all the assays.

4.1.1.5 Assessment of the ratio of polymorphonuclear cells to FITC- 

labelled 2.0pM latex beads

The effect of using different ratios of PMNiFITC-labelled (2.0pM) latex beads were 

assessed using ratios of 1:25, 1:50 and 1:100. At six hours of incubation, lower 

levels of phagocytosis were seen with the 1:25 samples than the 1:50 or 1:100 

samples. Very little difference was seen in the levels of phagocytosis between the 

1:50 and the 1:100 ratios with the 1:100 having marginally higher levels of 

phagocytosis at 37^C (Figure 4.6). The background levels of non-specific adherence 

at 4"C (data not shown) were, however, also marginally higher for the 1:100 ratio 

(2.7% ± 0.8%) compared with the ratio of 1:50 (1.3% ± 0.2%). Due to there being no 

significant difference in phagocytosis when the ratios 1:50 or 1:100 were employed.
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Figure 4.4: Analysis of in vitro PMN phagocytosis by flow cytometry with the 

isolated PMN population gated as A. Figures a), c), and e), show the side scatter (x- 

axis) and forward scatter (y-axis) of PMN only at 0 hours, PMN and FITC-labelled 

(0.1 pM) latex beads at 6 hours and PMN and FITC-labelled (l.OpM) latex beads at 6 

hours at 37°C, respectively. Figures b), d) and f) show linear graphs o f fluorescence 

(x-axis) and the total number o f cells (y-axis) with gates for 0 beads (no 

phagocytosis), 1 bead, 2 beads and > 2 beads for the corresponding figure a), c) and 

e), respectively.
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and the slightly higher background non-specific adherence with the 1:100 ratio, the 

1:50 ratio was chosen and used subsequently in the assays.

%

;
i
I

4.1.1.6 Optimal fixation of isolated polymorphonuclear population

Another part of the preliminaiy development of the PMN phagocytosis assay was to

assess the final fixation of the cell population following incubation with FITC- 

labelled latex beads or S. aureus. Fixing of the PMN populations was assessed using 

ice-cold PBS or with paraformaldehyde solution (0.4% and 1% vol/vol in PBS). 

Higher non-specific background levels were obtained with FITC-labelled S. aureus 

when fixed with ice-cold PBS than with paraformaldehyde following incubation. No 

difference was observed when PBS and paraformaldehyde were used to fix FITC- 

labelled latex beads. Overall, fixation with paiaformaldehyde following incubation 

was the most effective method to retain viable cells for analysis by flow cytometry 

and was employed subsequently in the assays.

4.1.1.7 Optimal time points for assessment of in vitro 

polymorphonuclear phagocytosis

Preliminary assessment of a range of time points to measure phagocytosis of FITC- 

labelled latex bead and FITC-labelled S. aureus was carried out over an eight-hour 

period. The time points assessed were 0 hours, 20 minutes, 30 minutes, one hour, 

four houi's and eight hours. Preliminary assessment of the kinetics of phagocytosis 

by the isolated PMN indicated a slight variation in the peak levels of phagocytosis 

between the FITC-labelled latex beads and the FITC-labelled S. aureus. Preliminary 

assessment showed that the pealc phagocytosis of FITC-labelled beads was in the 

region of four to eight hours, whereas the peak level of phagocytosis of FITC- 

labelled S. aureus was at approximately one hours incubation (Figure 4.2). Further 

assessment of phagocytosis of FITC-labelled (2.0pM) latex beads and FITC-labelled 

S. aureus was carried out in order to determine the optimal time point for peak 

phagocytosis and covered a 20-hour incubation period (Figure 4.7). Results indicated 

that the peak level of phagocytosis for the FITC-labelled (2.0pM) latex beads 

occurred between four and eight hours of incubation and the peak level of
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phagocytosis of FITC-labelled S. aureus occurred between four and six hours. The 

time points 0 hour, one hour, six hours and sixteen hours were, therefore, chosen as 

the best indicators of phagocytosis for both FITC-labelled (2.0p,M) latex beads and 

FITC-labelled S. aureus and were the time points subsequently employed in the 

assays.

4.1.1.8 In vitro phagocytosis of FITC-labelled Staphylococcus aureus 

by isolated neutrophil populations

Following the preliminary assay development which highlighted the high levels of 

non-specific background fluorescence with the in vitro phagocytosis of FITC- 

labelled S. aureus, it was considered necessary to run a duplicate set of samples at 

4°C for every animal sampled. Phagocytosis of FITC-labelled S. aureus was 

assessed on approximately 20 second generation animals. Results indicated a mean 

non-specific background fluorescence of 64.4% ± 2.4% at zero hours, 58.2% ± 3.9% 

at one hour and 72.3% ± 4.2% at six hours (Figure 4.8). Levels of phagocytosis at 

37°C were between 60.8% ± 2.9% at zero hours, 74.8% ± 3.3% at one hour and 

94.7% ± 0.7% at six hoius (Figure 4.8). The actual levels of phagocytosis calculated 

by subtracting the background at 4°C from the phagocytosis at 37”C, ranged from 

3.2% at zero hours, 16.6% at one hour to 22.4% at six hours. Examples of the 

analysis by flow cytometry, of the in vitro phagocytosis of FITC-labelled S. aureus, 

over the 16 hour incubation period, are shown in Figures 4.9 (0 hours), 4.10 (1 hour), 

4.11 (6 houi’s) and 4.12 (16 hours). Due to the considerable problems with 

background non-specific adherence and interpretation of the flow cytometry output, 

further optimisation of this assay is required before an accurate measure of 

phagocytosis of FITC-labelled S. aureus can be obtained.
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Figure 4.9: Analysis o f in vitro PMN phagocytosis o f FITC-labelled S. aureus by 

flow cytometry. Figures a) and c) show side scatter (x-axis) and forward scatter (y- 

axis) o f the isolated PMN following incubation with the FITC-labelled S. aureus at 0 

hours at 4°C and 37°C respectively, PMN were colour coded for no phagocytosis 

(green), first peak (red) and total phagocytosis (yellow). Figures b) and d) show log 

graphs o f fluorescence (x-axis) and the total number of cells (y-axis) with gates for 

no phagocytosis (Neg.), first peak and total phagocytosis (Staphs log.).
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Figure 4.10: Analysis o f in vitro PMN phagocytosis of FITC-labelled S. aureus by 

flow cytometry. Figures a) and c) show side scatter (x-axis) and forward scatter (y- 

axis) o f the isolated PMN following incubation with the FITC-labelled S. aureus at 1 

hour at 4°C and 37°C respectively, PMN were colour coded for no phagocytosis 

(green), first peak (red) and total phagocytosis (yellow). Figures b) and d) show log 

graphs o f fluorescence (x-axis) and the total number of cells (y-axis) with gates for 

no phagocytosis (Neg.), first peak (red) and the total phagocytosis (Staphs Log.).
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Figure 4.11: Analysis o f in vitro PMN phagocytosis of FITC-labelled S. aureus by 

flow cytometry. Figures a) and c) show side scatter (x-axis) and forward scatter (y- 

axis) o f the isolated PMN following incubation with the FITC-labelled S. aureus at 6 

hours at 4°C and 37°C respectively, PMN were colour coded for no phagocytosis 

(green), first peak (red) and total phagocytosis (yellow). Figures b) and d) show log 

graphs o f fluorescence (x-axis) and the total number of cells (y-axis) with gates for 

no phagocytosis (Neg.), first peak and total phagocytosis (Staphs Log.).
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Figure 4.12: Analysis o f in vitro PMN phagocytosis o f FITC-labelled S. aureus by 

flow cytometry. Figures a) and c) show side scatter (x-axis) and forward scatter (y- 

axis) o f the isolated PMN following incubation with the FITC-labelled S. aureus at 

16 hours at 4°C and 37°C respectively, PMN were colour coded for no phagocytosis 

(green), first peak (red) and total phagocytosis (yellow). Figures b) and d) show log 

graphs o f fluorescence (x-axis) and the total number of cells (y-axis) with gates for 

no phagocytosis (Neg.), first peak (red) and total phagocytosis (Staphs Log.).
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4.1.2 In vitro phagocytosis of FITC-labelled (2.0)liM) latex 

beads by isolated polymorphonuclear cell populations in 

second generation animals.

In vitro phagocytosis of FITC-labelled (2.0pM) latex beads was assessed in 140 

second generation animals on one occasion at approximately six months of age. 

Animals were sampled in batches of approximately ten per week. Due to the 

different management and housing regimes that were required for the different sexes 

under other aspects of the Robogene project, males and females were housed 

separately. For this reason, the batches of ten animals sampled were either all male 

or all female. A duplicate sample containing isolated PMN and FITC-labelled 

(2.0|aM) latex beads was incubated at 4"C for one hour was used as an indicator of 

non-specific background. Variation in the percentage total phagocytosis was seen 

among individual animals (Figure 4.13). Variation in the percentage total 

phagocytosis was seen among individuals at each of the time points, with the largest 

variation among individual animals at six and sixteen hours of incubation (Figure 

4.14). The mean (± S.E.M.) percentage total phagocytosis was similai* between the 0 

hours time point and the non-specific adherence at one hour (4°C) (Figui'e 4.14). 

Phagocytosis of one bead, two beads and greater than two beads also increased 

thi'oughout the incubation (Figure 4.15). Following flow cytometry analysis, it was 

observed that, as PMN phagocytosed an increasing number of FITC-labelled 

(2.0pM) latex beads, the size of the PMN increased. The gates were set in the linear 

graphs of fluorescence versus total number of cells, which represented the 

phagocytosis of zero beads, one bead, two beads and greater than two beads by the 

isolated PMN. These, were colour coded in the graphs of side scatter versus forward 

scatter to allow the cells within these gates to be visualised corresponding to their 

levels of phagocytosis, i.e. phagocytosis of zero beads (blue), one bead (green), two 

beads (red) or greater than two beads (aqua). This colour coding of the isolated 

PMN showed that the PMN which had not undergone phagocytosis were smallest in 

size, and that the size of the PMN increased in accordance with the phagocytosis of 

increasing numbers of FITC-labelled (2.0pM) latex beads. Examples of the analysis 

by flow cytometry, showing the kinetics of the in vitro phagocytosis of FITC- 

labelled (2.0pM) latex
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Figure 4.15: A comparison o f in vitro phagocytosis o f FITC-labelled (2.0pM) latex 

beads by isolated PMN from second generation animals (n=140) at 37°C at 0 hours 

(a), Ihour (b) and 6 hours (c). Graphs shows percentage total phagocytosis o f 0 

beads (blue), 1 bead (red), 2 beads (red), > 2 beads (red) and the total phagocytosis 

(green) by isolated PMN. The plot shows the median (line within the box), 25*̂  and 

75^ percentiles (whiskers) and the outliers (symbol).
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beads, over the 16 hour incubation period, are shown in Figures 4.16 (0 hour's at 

37°C and 1 hour at 4°) and 4.17 (1, 6 and 16 hours at 37°C).

An additional large, granular, cell population was identified in the isolated PMN 

from some animals, which was absent in the isolated PMN of other animals (Figure 

4.18). No phagocytosis of FITC-labelled (2.0pM) latex beads was observed in this 

population of lar ge, granular cells in any animal possessing these additional cells, 

when compared to animals without these additional cells in their isolated PMN 

populations (Figure 4.18).

4.1.3 In vitro phagocytosis of FITC-labelled (2.0fdM) latex 

beads by polymorphonuclear cells in whole blood

Many authors have developed whole blood assays to study all aspects of PMN 

phagocytosis (Hirabayashi, et al., 1985; Hasui et al., 1989; Perticari et al., 1994; 

Smits et al., 1997). Whole blood assays require smaller volumes of blood, are 

generally faster than traditional assays involving cell isolation and purification, and 

may give a more accurate indication of cell function in the cells’ natural enviromnent 

i.e. in the presence of other cell populations and blood components. In this study, in 

vitro phagocytosis of FITC-labelled (2.0pM) latex beads by PMN in whole blood 

was assessed in order to determine how much variation, if any, existed in the 

phagocytic ability of the PMN in whole blood when compar*ed to the phagocytic 

ability of isolated PMN from the same individual animals. In vitro phagocytosis of 

FITC-labelled (2.0pM) latex beads in whole blood PMN was assessed in 

approximately 20 second generation animals. Three animals were removed from the 

analysis following flow cytometry due to poor PMN yield and individual animal 

saiuples were discounted if less than 5000 PMN were counted within the PMN gate 

from the total 50,000 cells counted by flow cytometry. Samples were assessed at 

37°C and 4°C at all time points. Variation in the percentage total phagocytosis by 

PMN in whole blood was seen among individual animals (Figure 4.19). Variation in 

the percentage total phagocytosis by PMN in whole blood at 37°C was seen among

1 0 2
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Figure 4.16: Analysis o f in vitro PMN phagocytosis by flow cytometry. Figures a), 

c), and e), show the side scatter (x-axis) and forward scatter (y-axis) with the isolated 

PMN population as PMN only (a), PMN and FITC-labelled (2.0pM) latex beads at 0 

hours at 37°C (b) and PMN and FITC-labelled (2.0pM) latex beads at 1 hour at 4°C 

(c). Figure b), d) and f) show linear graphs o f fluorescence (x-axis) and the total 

number o f cells (y axis) with gates for 0 beads (no phagocytosis), 1 bead, 2 beads 

and > 2 beads.
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Figure 4.17: Analysis o f in vitro PMN phagocytosis by flow cytometry. Figures a),

c), and e), show the side scatter (x-axis) and forward scatter (y-axis) with the isolated 

PMN following phagocytosis o f the FITC-labelled (2.0pM) latex beads at 1, 6 and 

16 hour incubation at 37°C, respectively, PMN were colour coded for the 

phagocytosis o f 0 beads (blue), 1 bead (green), 2 beads (red), and > 2 beads (aqua). 

Figures b), d) and f) show linear graphs o f fluorescence (x-axis) and the total number 

of cells (y-axis) with gates for 0 beads (no phagocytosis), 1 bead, 2 beads and > 2 

beads.
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Figure 4.18: Analysis by flow cytometry o f additional large, granular cells visible in 

some isolated PMN populations. Figures a) and c) show side scatter (x-axis) and 

forward scatter (y-axis) o f the isolated PMN. Figure a) shows PMN only. Figure c) 

shows isolated PMN following incubation with FITC-labelled (2.0pM) latex beads at 

6 hours, PMN were colour coded for 0 beads (blue), 1 bead (green), 2 beads (red) 

and > 2 beads (aqua). Figures b) and d) show linear graphs o f fluorescence (x-axis) 

and the total number o f cells (y-axis) with the gates for 0 beads, 1 bead, 2 beads and 

>2 beads. Red arrows highlight additional cell population in figures a) and c) which 

show no visible signs of phagocytosis.
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individual animals at each of the time points, with the largest variation among 

individual animals at the one hour time point (Figure 4.20). The background non

specific adherence at 4°C was less than 10% for the 0, one and six hour time points 

and increased to approximately 20% at 16 hours (Figui*e 4.21). Phagocytosis of one 

bead, two beads and greater than two beads by PMN in whole blood also increased 

tlnoughout the incubation (Figure 4.22), with maximal phagocytosis reached by one 

hour of incubation. No significant variation was observed between the percentage 

total phagocytosis in the one bead, two beads and greater than two beads gates after 

the one hour incubation point. Following flow cytometry analysis, it could be seen 

that as PMN in whole blood phagocytosed an increasing number of FITC-labelled 

latex beads the size of the PMN increased in accordance with the phagocytosis of 

either one bead, two beads or greater than two beads. Examples of the analysis by 

flow cytometry, showing the kinetics of the in vitro phagocytosis of FITC-labelled 

(2.0pM) latex beads by PMN in whole blood, over the 16 hoiu incubation period, are 

shown in Figures 4.23 (PMN only), 4.24 (0 hours), 4.25 (1 hour) 4.26 (6 hours) and 

4.27 (16 hours).

A gate set for the MNC population was monitored to confirm that MNC did not 

undergo phagocytosis of the FITC-labelled (2.0pM) latex beads under these 

conditions. Only PMN gated linear graphs of fluorescence versus total number of 

cells showed any visible fluorescence and therefore, phagocytosis of FITC-labelled 

latex beads.

Phagocytosis of FITC-labelled (2.0pM) latex beads by PMN in whole blood was not 

as visually clear in the gated PMN populations in the graphs of side scatter versus 

forward scatter when compared visually to the phagocytosis of FITC-labelled 

(2.0pM) latex beads by the isolated PMN (Figure 4.28). The mean (± S.E.M.) 

phagocytosis of FITC-labelled (2.0pM) latex beads PMN from whole blood and 

isolated PMN was very similar. Polymorphonuclear cells from whole blood reached 

maximal levels of phagocytosis by one hours incubation, compared to the isolated 

PMN which did not reach peak levels of phagocytosis until approximately six hours 

incubation (Figure 4.29). Slightly higher levels of non-specific adherence of latex
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a). 0 hours

0 beads 1 bead
1--------------r

2 beads > 2 beads total

b). 1 hour

c). 6 hours

Io>

100 - f
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0 beads 1 bead 2 beads > 2 beads total
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0 teads  1 bead 2 beads > 2 beads total

Figure 4.22: A comparison o f in vitro phagocytosis o f FÏTC-labelled (2.0pM) latex 

beads by PMN in whole blood in second generation animals (n=17) at 37°C at 0 

hours (a), 1 hour (b) and 6 hours (c). The graph shows percentage total phagocytosis 

of 0 bead (blue), 1 bead (red), 2 beads (red), > 2 beads (red) and the total 

phagocytosis (green) by PMN in whole blood. The plot shows the median (line 

within the box), 25* and 75* percentiles (whiskers) and the outliers (symbol).

no



I

(U

X

1/2

1
tN
A

I
KTl

1
(N

1

1
O

1
ê
I

(Uo
0

1
I
ê
I

•S

(L>
1
N
2
I

Î
I

I
111



u

(D

tin

I
o

) - l
rP

&
ë
I

(Uo
(4- ,0

1
1
ë
I

I
<4-10

t
1
I
1

■I
u

T3

I
T3
O)

Î Ï
C/D <N

112



.  i

ci

1
O
Ui

&

<L)O«+HO

I
1

I
,SP X

ic
o

Où

ë
(U

<u

I
I

11 o, rsj
S  A

;  1
I
s

1
<N

(U â I
113



I
o
i-H

M 1,
h

Î5

i ' i

1—I—r

c3

tJU

a
■s

I

(Uo(4-,0

1
1
ê
1

i
iC

(4-,0

Î
1 
i
I

< 2 1 1

i ; i
0

1
Ji

1
<N
A
T3

(U

cd

I
C  JÈ

1
CN

114



(U

C/Î

I
(N

OO flJ

I
o

crt(U
Û0
ë

cd

rS P

d>0q-i0

1
1 

1
I

1—r ”T—r

<u
i
I
I
<4-10

1 
I
I
I
>

I
o

C/)

I
(N
A
T3

115



a).
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MNCs
33.0%
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Je scatter
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Sid# scatter

b).
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Figure 4.28: Comparison of in vitro PMN phagocytosis by flow cytometry of isolated 

PMN and whole blood PMN with gates for PMN and MNC (pink). Figures a) and c) 

show the side scatter (x-axis) and forward scatter (y-axis) o f the whole blood and 

isolated PMN phagocytosis o f FITC-labelled (2.0pM) latex beads at 6 hours at 37°C, 

respectively, PMN were colour coded for 0 beads (blue), 1 bead (green), 2 beads 

(red) and > 2 beads (aqua). Figures b) and d) shows linear graphs o f fluorescence (x- 

axis) and the total number o f cells (y-axis) with the gates for 0 beads, 1 bead, 2 beads 

and > 2 beads.
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beads to cells at 4®C were identified in the PMN from whole blood compared to the 

isolated PMN.
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Chapter 5

Data exploration and analyses

5.1 In vitro peripheral blood mononuclear cell 

proliferation

The main statistical analyses were carried out on data obtained from the experimental 

animals sampled at approximately six months of age. Basic data exploration and 

statistical analyses which included the assessment of correlation of individual animal 

responses between days of culture, correlation of individual animal responses 

following re-sampling (approximately three months after initial sampling), and 

subsequently, complex REML analysis was carried out for each parameter for all 

days of culture.

Only basic descriptive statistics (reported in chapter 3) were carried out on the 

animals over twelve months of age due to the relatively small group numbers, which 

prevented more detailed data exploration and statistical assessment.
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5.2 Data Exploration

5.2.1 Experimental animals sampled at approximately six 

months of age

Tln-ee hundred and sixteen second generation animals sampled at approximately six 

months of age from the 1998, 1999 and 2000 cohorts were assessed for each 

parameter for all days of culture.

5.2.2 Distribution of data

A preliminary univariate analysis was performed using SAS statistical software. The 

data exploration carried out using the univaiiate analyses procedure generated basic 

parameters such as Mean, Variance, Minimum, Maximum, Skewness and Kurtosis 

for each data set studied.

In general the data was positively skewed (Figure 5.1, Table 5.1). A subjective 

determination of the positive skewness was obtained from the histograms of the raw 

data for each parameter i.e. S. aureus-indiiccd, PHA-induced or control proliferation, 

on each of the days of culture (Figiue 5.1). The positive skewness indicated that 

most animals had relatively low levels of in vitro proliferation, whilst some animals 

had considerably higher levels of in vitro proliferation compared to the majority of 

the population. The skewness of the data increased considerably in the PHA-induced 

and control proliferation on days nine and ten of culture (Table 5.1). The S. aureus- 

induced proliferation also increased in skewness on days nine and ten of culture, 

however this increase was approximately a two-fold increase compared to a five to 

ten fold increase for the PHA-induced and control proliferation (Table 5.1). This 

increase in the skewness on days nine and ten of cultuie in all of the parameters may 

correspond with increased numbers of dead and dying cells in culture at this point in 

the assay. This results in the majority of the cells having very low levels of 

proliferation due to their lack of viability and only a few of the live cells which 

remain in culture are able to proliferate.

1 2 0



g  2 0 _

S'5
I

Control

Figure 5.1: Graphical representation o f positive skewness of in vitro PBMC 

proliferation on day four of culture. Figures a) S. aureus-mducQà (skewness=2.05), 

b) PHA-induced (skewness=1.73) and c) control proliferation (skewness=5.4). Red 

line represents a normal distribution.
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The normal probability plot was used as a measure of the distribution of the data: a 

straight line indicates a normally distributed data set. The Shapiro-Wilk W test was 

used to give an objective measurement of the distribution and returned a significant 

value if the data was non-normally distributed. The raw data for in vitro PBMC 

proliferation was non-normal for all the parameters measured i.e. S. aureusAnducQd^ 

PHA-induced or control proliferation, for all days of cultuie (Table 5.1).

5.2.3 Box and Cox transformation

Before further statistical analyses could be undertalcen, the skewness of the data 

indicated that statistical manipulations were required to bring it closer to a normal 

distribution. The optimal transformation of the data was determined using Box and 

Cox analysis in Minitab (Release 13). Optimal transformations were assessed for 

each parameter i.e. S. aureus-\nd\xc,Qd, PHA-induced or control PBMC proliferation, 

for all days of culture. Some variation was seen in the optimal transformation 

suggested between the days of culture for each of the individual parameters (Table 

5.2). Variation in the optimal transformation suggested was also seen between the 

parameters within specific days of culture. A natural logaritlrm (In) transformation 

was chosen as the optimal transformation for the data set overall due to the 

identification that a In transformation was found to be near optimal for all the 

parameters on day four of cultuie, the day of pealc S. aureus-mdxxcQd proliferation 

(Figure 5.2). The use of a common transformation for all the pai'ameters allowed 

easier biological interpretation of the data analyses for all the parameters, i.e. S. 

aureus-mdxxœd, PHA-induced and control proliferation, on each day of culture.

All subsequent statistical procedures carried out on the data from the second 

generation animals sampled at approximately six months of age required that the data 

was normally distributed, and were thus carried out using In-transformed data.

123



ÛO

<N<N
O

OOo
o o

dû

<N 8O
OO

dû

ooo
o

mm
Oo

dû dû

o

dû

CN
mm
O OO

dû

Ooo
oOO

î
X

I
c3
3
i

I
c

î
' H
8u

B
a

X0  
OQ
CN

1

%en

i
i
c3

CLO

H

g
1

i
cd

1

L
Ië
I
.s
s

-g

Co

I
0

1I

m
CN

I

124
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Figure 5.2: Box and Cox transformation o f in vitro PBMC proliferation on day four 

of culture. Figures a), b) and c) show S. aureus-'mdxxcQà, PHA-induced and control 

proliferation, respectively.
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5.2.4 Correlations

5.2.4.1 Correlation of individual animal responses between days 

culture

The Pearson’s Product Moment Correlation Coefficient in Minitab (Release 13) was 

used to calculate the correlation of individual animal responses between days of 

culture, i.e. the correlation between day two and day three, day three and day four, 

day four and day five, day five and day nine, and day nine and day ten of a single 

assay. This was carried out to assess if individual animals showed any trend in the 

ability of their PBMC to proliferate in vitro e.g. if animals had relatively high levels 

of S. aureus-màxxcQà proliferation on day two of culture did they remain relatively 

high responders thioughout the time-course of the assay; did animals with low levels 

of S. aureus-màucQà proliferation on day two of culture remain poor responders or 

did animals change from low to high responders or vice versa during in vitro culture.

A significant positive con’elation was identified between the time points for S. 

aureus-màwccé, PHA-induced and control proliferation (Figures 5.3-5.5). This 

positive correlation confirmed the validity of the assay and showed that individual 

animals do not have major fluctuations in the levels of in vitro PBMC proliferation 

between days of culture in a single assay, indicating that if animals had relatively 

high levels o f proliferation on day two of culture then they still had relatively high 

levels of proliferation on day tliree and subsequent days of culture when compared to 

the rest of the population.

Pearson’s Product Moment Conelation Coefficients were also carried out to 

determine if any relationship existed between S. awrcw^-induced proliferation and 

control proliferation, PHA-induced proliferation and control proliferation, and 5*. 

aureus~m&\xœà and PHA-induced proliferation. This was carried out to assess if any 

correlation existed between; 1) the levels of in vitro PBMC proliferation in the 

presence of a specific iimnune stimulus when compared with the PBMC proliferation 

in the absence of any immune stimulus; 2) the levels of in vitro PBMC proliferation 

in the presence of a non-specific immune stimulus when compared with the PBMC
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in the absence of any innnune stimulus; 3) the levels of in vitro PBMC proliferation 

in the presence of a specific or a non-specific stimulus. This assessment may be used 

to confirm the validity of using both specific and non-specific immune stimuli in the 

assessment of an individual animals in vitro PBMC function.

Significant positive correlations were identified between S. aureus-mducQd 

proliferation and control proliferation on all days of culture, however, the positive 

correlation decreased over time, from 0.68 (p<0.001) on day two, to 0.27 (p<0.001) 

on day four, and to 0.24 (p<0.001) on day ten of culture. Significant positive 

conelations were identified between PHA-induced proliferation and control 

proliferation on all the days of culture. The positive correlation was low 0.19 

0?<0.001) on day two, peak PHA-induced proliferation, and increased to 0.34 

(p<0.001) on day four, but reduced again by day ten of culture 0.18 (p<0.01) culture. 

Overall, the conelations observed were lower between control PBMC proliferation 

and PHA-induced PBMC proliferation than between control PBMC proliferation and 

S. aiireus-mduced PBMC proliferation. No significant correlations were found 

between S. aureus-mducQd PBMC proliferation and PHA-induced PBMC 

proliferation on any of the days of culture. In general, for both the S. aureus~md\xoQd 

and PHA-induced in vitro PBMC proliferation, the correlation between control 

PBMC and PBMC which received either a specific or non-specific immune stimulus 

decreased around peak proliferation. This confirmed the validity of assessing in vitro 

antigen or mitogen stimulated PBMC as a measure of variation in PBMC 

proliferation among individual animals.

5.2.4.2 Correlation of individual animal responses at re sampling 

(approximately three months after initial sampling)

One hundred and twelve (approximately 35% of the total animals sampled at 

approximately six months of age, Table 2.1) second generation animals were re

sampled approximately tluee months after the initial sampling i.e. at nine months of 

age, from the sampling years 1998, 1999 and 2000. This was carried out to assess 

the correlations of individual animal responses at re-sampling. This was used as an
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indicator of the accui'acy of the assay as a measure of variation in the proliferative 

ability among animals and not just variation in the assay over time.

Repeatability was assessed using the Pearson's Product Moment Correlation 

Coefficient in Minitab (Release 13). A significant positive correlation was seen for S. 

aureusAndnccd and for control proliferation on days four and five of culture 

(p<0.05). This indicated that the S. aureus-indviCQd and the control proliferation on 

days of peak proliferation was repeatable in individual animals re-sampled within 

three months. An almost significant (p<0.1) positive correlation for PHA-induced 

proliferation was seen on day four of culture, which indicated that variation existed 

in the PHA-induced response in individual animals when re-sampled within three 

months. No significant correlations were found for any of the other assay days 

(Table 5.3, Figure 5.6).

5.3 Data analyses

5.3.1 Linear Mixed Models -  Residua! Maximum 

Likelihood

5.3.1.1 Animals and model

A total of 302 animals were analysed, a small number of the animals (14) were 

removed from the total data set (316) due to inaccurate sire identification. Initially, 

the data was assessed as a complete data set analysing all the animals, males and 

females together. However, following the analyses of the males and females 

together, there was evidence of interactions between sexes, which prompted 

repeating the analyses on single sex subsets.

Preliminary analyses were carried out on all days of culture, i.e. day two, day tliree, 

day four, day five, day nine and day ten. Due to the lack of biological viability of the
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cells by days nine and ten of culture for all the parameters assessed, it was 

considered appropriate to exclude days nine and ten from any subsequent 

inteipretation of the results. Complete analyses of all parameters for all days of 

culture is shown in appendices C.l to C.18. The remainder of this chapter reports 

results from days two, three four and five of culture only as these were considered to 

be of most biological significance.

5.3.1.1.1 Fixed factors used in the model

The fixed factors used in the final model were: the sex of the individual which had 

two levels, male and female; the cross of the individual, which had three levels, 

backcross Charolais, backcross Holstein-Friesian or F2 (50:50 Charolais:Holstein- 

Friesian); the year of biitli, wliich had three levels, 1998, 1999 or 2000; the date the 

animal was sampled, which had 27 levels, and the sample age, a covariate, that was 

the age in days of the individual animal at the point of sampling.

Following preliminary analyses, the regression coefficient for the control was found 

to be less than one and greater than zero, indicating that the control proliferation was 

significant for each individual animal and, thus, the use of A counts per minute or 

stimulation indices in the analyses would be inappropriate. The control in vitro 

PBMC proliferation for each individual animal, i.e. the level of PBMC proliferation 

in the absence of any immune stimuli was, therefore, retained within the model, and 

the significant effect of the control as a fixed factor in the S. aureus-\x\àviœ& and 

PHA-induced models and as the Y variate was assessed subsequently.

5.3.1.1.2 Random factor used in the model

The sire of the individual animal was assessed as the random factor in the model. 

There were a total of 12 sires used in this study: eight of the sires were FI (50:50, 

Holstein-Friesian: Charolais) sires (ROl, R02, R05, R l l ,  R12, R15, R18 and R21); 

and four of the sires were FO Charolais (CHIOS, CHI 58, CH200 and CH219).
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5.3.1.1.3 Complete data set model

For the complete data set, the S. aureus-induced and PHA-induced and control 

proliferation was assessed as the Y variate in the model. The REML model used in 

the analyses of the complete data set (except in the analyses of the control as the Y 

variate, where control was removed as a fixed factor) was:

Fixed sex + cross + year of birth + sample date + sample age + control 

Random sire

5.3.1.1.4 Subset model

The REML model used for the analyses of the subsets of males and females, except 

in the analyses of the control as the Y variate (where control was removed as a fixed 

factor) was:

Fixed cross + yeai' of birth + sample date + sample age + control

Random sire

The date the individual animal was sampled on, was open to a wide range of 

influences including environmental influences such as seasonal variation, housing 

conditions and the sampling procedures employed in the study which resulted in the 

animals being sampled in single sex groups. Due to the significant number of factors 

that may have influenced the effect of sample date on the proliferative response, it 

was considered appropriate to exclude any signifieant effect of sample date from the 

remainder of the analyses.

5.3.1.2 Significant factors affecting control proliferation

5.3.1.2.1 Sex

Plotting the raw data for the control proliferation showed that the male animals had 

consistently higher levels of control proliferation than the females tliroughout the
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assay (Table 5.4, Figure 5.7). The smallest variation between males and females 

occurred on day two when the mean male control proliferation was 28.5% higher 

than the mean female control proliferation (Table 5.4). The largest variation between 

males and females occuned on days four and five when the mean male control 

proliferation was 66.1% and 64% higher, respectively, than the mean female control 

proliferation (Table 5.4).

On REML analysis of the whole data set, sex was found to have a significant effect 

on the levels of control PBMC proliferation. These significant effects were 

identified as a fixed factor on day two of culture (p<0.01), and as a significant sex by 

cross two-way interaction on days three, four and five of culture (p<0.001).

5.3.1.2.2 Cross

Plotting the raw data for the whole data set showed that the backcross Charolais 

animals had significantly higher levels of control proliferation than the backcross 

Holstein-Friesian and the F2 animals (Figure 5.8). For example, the mean (± S.E.M.) 

control proliferation on day four of culture for the backcross Charolais, backcross 

Holstein-Friesian and the F2 animals was 1710.74 ± 630.55, 1145.43 ± 171.44 and 

1408.19 ± 217.05 counts per minute, respectively.

On REML analysis of the whole data set, a significant sex by cross two-way 

interaction was found on days three, four and five of culture (p<0.001).

Wlien the males and females were analysed separately, the mean control proliferation 

for each of the crosses was found to differ between the sexes (Table 5.5, Figure 5.9). 

In the males, the mean control proliferation for the F2 animals was higher than the 

mean backcross Holstein-Friesian control proliferation or the mean backcross 

Charolais control proliferation. For example, the predicted mean ± standard error of 

the difference (± S.E.D.) control proliferation on day five of culture for the F2, 

backcross Holstein-Friesian and backcross Charolais males was 383.75 ± 1.33, 

279.42 ± 1.33 and 200.33 ± 1.33 counts per minute, respectively.
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In contrast to the males, in the females, the backcross Charolais animals had the 

highest level of mean control proliferation, followed by the backcross Holstein- 

Friesian, with the F2 females showing the lowest levels of mean control proliferation 

(Table 5.5, Figure 5.9). For example, the predicted mean (± S.E.D.) control 

proliferation on day five of culture for the backcross Charolais, backcross Holstein- 

Friesian and F2 females was 317.66 ± 1.22, 228.37 ± 1.22 and 159.97 ± 1.22 counts 

per minute, respectively.

On REML analyses of the males, cross was identified as a significant effect as a 

fixed factor on control proliferation on day five of cultuie only (p<0.05), whereas, in 

the females, cross was identified as a significant effect as a fixed factor on control 

proliferation on days three, four and five of culture (p<0.01).

53.1.2.3 Year of birth

Plotting the raw data for the whole data set showed that the mean control 

proliferation was lower overall in the animals born and sampled in the 1998 cohort 

than in the animals from the 1999 or 2000 cohorts (Figure 5.10).

On REML analysis, the table of effects for day three of culture confirmed this 

finding (Table 5.6). On day tliree of culture, the animals from the 1998, 1999, and 

2000 cohorts had predicted mean (± S.E.D.) control proliferation of 411.17 ± 1.22, 

820.57 ± 1.22 and 690.21 ± 1.22 counts per minute, respectively.

On REML analysis, the year of birth was identified as being a significant effect as 

fixed factor on the control proliferation only on day two of culture (p<0.001).

No significant effect of the year of birth was identified when the males and females 

were analysed separately.
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5.3.1.2.4 Sire

Plotting the raw data showed considerable variation in the mean control proliferation 

among sires tliroughout the assay, especially on days tliree and four of culture 

(Figui'e 5.11). Less variation was observed on days two and five of cultuie with very 

little variation towards the end of the assay on day nine and ten of culture (Figure 

5.11).

On REML analyses of the males only, a significant effect of sire was identified on 

the mean control proliferation on day two of culture (p<0.05) (Figure 5.12).

5.3.1.3 Significant factors affecting Staphylococcus «wr^M^-induced 

proliferation

5.3.1.3.1 Sex

Plotting the raw data for the S. aureus-màmo-à proliferation indicated that males had 

consistently higher levels of S. aureus-iwàucQà. proliferation than the females, 

especially at peak levels of proliferation i.e. days four and five of culture (Table 5.4, 

Figm*e 5.13). The difference between sexes was generally lower for the S. aureus- 

induced proliferation than for control proliferation. The S. aureus-màwcQà. 

proliferation in males was 14% higher on day two and 26.1% and 27.6% on days 

four and five, respectively, than the S. awrew^-induced proliferation of females (Table 

5.4).

On REML analysis of the whole data set, sex was foimd to have a significant effect 

on the levels of S. aureus-md\xcç;à PBMC proliferation as part of a significant two- 

way interaction on days two and three of culture. There was a significant sex by 

control interaction on day two (p<0.001), and a significant sex by cross (p<0.050) 

interaction identified on day thi'ee.
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5.3.1.3.2 Cross

Plotting the raw data for the whole data set showed that up to, and including day four 

of cultur e, the backcross Holstein-Friesian animals had marginally higher levels of S. 

aureus-màwcQà proliferation than the backcross Charolais animals, with the F2 

animals having the lowest levels of S. aureus-m&ucQà proliferation (Figure 5.14). 

On day five of culture, however, the backcross Charolais animals had marginally 

higher levels of S. aureus-màwcQà proliferation than the F2 animals or the backcross 

Holstein-Friesian animals which had the lowest levels of S. aureus-indwcQà 

proliferation of the tlnee crosses on day five of culture (Figure 5.14).

On REML analysis cross was found to be significant as a fixed factor on day two of 

culture (p<0.001) and as significant cross by sample age, and sex by cross two-way 

interactions on day thi'ee of culture (p<0.01). In addition, cross was almost 

significant as a fixed factor on day four of culture (p<0.1) and showed that the 

backcross Holstein-Friesian had higher levels of S. aureus-mducQà proliferation than 

the F2 or the backcross Charolais. For example, the predicted mean (± S.E.D.) S. 

aureus-m&\xoQà PBMC proliferation on day four of culture for the backcross 

Chai’olais, backcross Holstein-Friesian and the F2 were 9154.49 ± 1.25, 15244.90 ± 

1.25, and 10394.17 ± 1.25 counts per minute, respectively.

When data from the male and females were plotted separately, the mean S. aureus- 

induced proliferation for each of the crosses was found to differ between the sexes 

(Figure 5.15). In the males, the mean S. aurens-inànc^à proliferation for the F2 

animals was higher than for the backcross FIolstein-Friesian or the backcross 

Charolais cattle.

On REML analysis, the table of effects (Table 5.7) and table of predicted means on 

day four of culture, allowing for confounding, showed for S. aureus-mâwcQà. in vitro 

PBMC proliferation that the backcross Holstein-Friesian had the highest levels of 

proliferation and the backcross Char olais had the lowest levels of proliferation. For
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example, the predicted mean (± S.E.D.) for the backcross Charolais, backcross 

Holstein-Friesian and the F2 on day four of culture was 11373.02 ± 1.31, 23225.36 ± 

1.31 and 15002.92 ±1.31 counts per minute, respectively.

In contrast to the males, when data from the females was plotted, the backcross 

Chai'olais animals had marginally higher levels of S. aurem-mduceà proliferation 

than the backcross Holstein-Friesian, with the F2 females showing the lowest levels 

of mean S. aureus-'màuœd proliferation (Figure 5.15).

On REML analysis, the table of effects (Table 5.7) and table of predicted means on 

day four of culture, allowing for confounding, showed for S. aureus-indnced in vitro 

PBMC proliferation, that the backcross FIolstein-Friesian animals had the highest 

level of proliferation and the F2 animals had the lowest level of proliferation. For 

example, the predicted mean (± S.E.D.) S. aureusdwdxxcQd proliferation on day four 

of culture for the backcross Charolais, backcross Holstein-Friesian and F2 females 

was 10006.59 ± 1.42, 14617.89 ± 1.42 and 8103.08 ± 1.42 coimts per minute, 

respectively.

On REML analysis, in the males, cross was identified as being significant cross by 

sample age by control (p<0,001) three-way interaction and cross by year of birth 

(p<0.01) two-way interactions on day three of culture.

5.3.1.3.3 Year of birth

Plotting the data for the whole data set showed that the mean S. aureus-mduo,Qd 

proliferation was highest in the animals born and sampled in the 1998 cohort than the 

animals from the 1999 cohort, with the animals from the 2000 cohort having the 

lowest levels of mean S. aureusdwduo^d proliferation (Figure 5.16).

On REML analysis, both the table of effects (Table 5.8) and the table of predicted 

means confirm this finding, for example, on day four of culture, the animals from the 

1998, 1999 and 2000 cohorts had predicted mean (± S.E.D.) S. aureus-md\xo,Qd
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proliferation of 43044.94 ± 1.25, 11684.28 ± 1.25 and 2887.08 ± 1.25 counts per 

minute, respectively.

On REML analysis, the year* of birth was identified as being a significant effect as a 

fixed factor on the S. aureus-induccd proliferation on days two (p<0.01), four 

(p<0.001) and five (/?<0.001) of culture and as a significant year of birth by sample 

age two-way interaction on day three (p<0.05).

When the males and females were plotted separately, the overall mean S. aureus- 

induced proliferation followed the same pattern in males and females, with the 1998 

cohort having higher levels of S. aureus-mdncQd proliferation than the 1999 cohort, 

and the 2000 cohort having the lowest levels of S. aureus-mduœd proliferation 

overall (Figuiu 5.17). One observation was that, overall, the females from the 1998 

cohort had liigher levels of S. aureus-inducQd proliferation compar ed to the females 

from the 1999 and 2000 cohorts and also compared to the males from all three 

cohorts.

On REML analysis, in both the table of effects (Table 5.9) and table of predicted 

means, for example, on day five of culture, in the males from the 1998, 1999 and 

2000 cohorts, the predicted mean (± S.E.D.) S. aureus-mdMCQd proliferation was 

59944.00 ± 3.57, 24100.79 ± 3.57 and 2100.64 ± 3.57 counts per minute, 

respectively.

On REML analysis in the females from the 1998, 1999 and 2000 cohorts, on day five 

of culture, the predicted mean (± S.E.D.) S. aureus-mdwcQd proliferation was 

80338.16 ± 2.87, 6204.31 ± 2.87 and 2421.16 ± 2.87 counts per minute, respectively.

In the males, the year of birth was identified as being a significant effect on the S. 

aureiis-mdncQd proliferation on days three and four of culture. On day three, year of 

biidh is significant as part of the significant two-way interactions: year of birth by 

control (p<0.001), year of birth by sample age (p<0.001) and cross by year of birth, 

whereas, year of birth was identified as being significant as a fixed factor only, on 

day four of culture (p<0.01).
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In the females, the year of birth had a significant effect on the S. aureus-indiicQd 

proliferation on days three, four and five of culture. On day three, year of birth is 

significant as part of the significant two-way interaction, year of birth by sample age 

interaction (p<0.01), whereas, year of birth was significant as a fixed factor on days 

four (p<0.05) and five (p<0.01) o f culture.

S.3.1.3.4 Sample age

On REML analysis, in general, the levels of S. aureus~md\xcQd proliferation 

increased with the age of the individual animal assessed in the cuirent study. On day 

four- of culture, in the whole data set, an increase of seven days in the age of the 

individual animals sampled resulted in a mean ± standard error (± S.E.) increase of 

6.7 ± 3.2% in the levels of S. nwrew^-induced proliferation.

On REML analysis, the sample age was identified as being a significant effect as a 

fixed factor on the S. aureus-induo^d proliferation on day four (p<0.05) of culture, 

and as the significant two way interactions, cross by sample age and year of birth by 

sample age (p<0.05) on day three of culture.

In the males, on day four of culture, an increase of seven days in the age of the 

individual animals sampled resulted in a mean (± S.E.) increase of 9.8 ± 4.0% in the 

levels of S. (iwrem-induced proliferation.

In contrast, in the females, on day four of culture, an increase of seven days in the 

age of the individual animals sampled resulted in a mean (± S.E.) decrease of 1.0 ± 

6.0% in the levels of S. induced proliferation.

In the males, sample age was identified as having a significant effect on S. aureus- 

induced proliferation on day four of culture (p<0.05), whereas, in the females, 

sample age was identified as being a significant effect as the two way interaction 

year of birth by sample age on day tlrree of culture (p<0.01).
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5.3.1.3.5 Sire

On plotting the raw data, considerable variation was observed in the mean S', aureus- 

induced proliferation among sires throughout the duration of the assay, especially on 

days four and five of culture (Figure 5.18). Slightly less variation was observed on 

day tliree o f culture with very little variation obsei-ved on days two, nine and ten of 

culture (Figure 5.18).

On REML analysis, in the whole data set, a significant effect of sire was identified 

on the mean S. aureus-mdmQd proliferation on day two of culture (p<0.05) (Figure 

5.19). When the males and females were analysed separately, a significant effect of 

sire was identified in the females only, on day two of culture (p<0.05) (Figure 5.20).

5.3.1.4 Significant factors affecting Phytohaemagglutinin-induced 

proliferation

5-3.1.4.1 Sex

On plotting the raw data of the PHA-induced proliferation, the males had marginally 

higher levels of PHA-induced proliferation than the females thi’oughout the assay 

(Figure 5.21), although the difference between sexes was generally lower than for the 

control proliferation described above. The PHA-induced proliferation of males was 

12% higher on day two and 16% and 23.9% on days four and five respectively than 

the PHA-induced proliferation of females (Table 5.4, Figure 5.21).

On REML analysis, in the whole data set, sex had a significant effect on the levels of 

PFlA-induced proliferation as a fixed factor (P<0.001) and the two-way interaction 

sex by sample age (P<0.01) on day two of culture.

5.3.1.4.2 Cross

On plotting the raw data for the whole data set, overall, the backcross Charolais 

animals had marginally higher levels of PHA-induced proliferation than the
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backcross Holstein-Friesian, with the F2 animals having the lowest levels of PHA- 

induced proliferation (Figure 5.22).

On REML analysis, the table of effects (Table 5.10) and table of predicted means 

confirmed this, for example, on day tliree of culture, the predicted mean (± S.E.D.) 

PHA-induced proliferation for the backcross Charolais, backcross Holstein-Friesian 

and F2 animals was 41772.77 ± 1.16, 31888.48 ± 1.16 and 30946.03 ± 1.16 counts 

per minute, respectively.

On REML analysis in the whole data set, the cross of the individual animal had a 

significant effect on the levels of PHA-induced proliferation as a fixed factor on day 

five (p<0.05) of cultui’e, and was almost significant on day four (p<0.1) of culture.

When data from the males and females were plotted separately, the mean PHA- 

induced proliferation for each of the crosses was found to differ between the sexes 

(Figure 5.23), however, the overall mean PHA-induced proliferation followed the 

same pattern between males and females. The backcross Charolais animals had 

higher levels of PHA-induced proliferation than the backcross Holstein-Friesian 

animals, with the F2 animals having the lowest levels of proliferation in both the 

males and females (Figure 5.23).

On REML analysis, in the males, cross was identified as being a significant effect as 

a fixed factor on the PHA-induced proliferation on days two and five of culture 

(p<0.05).

5.3.1.4.3 Year of birth

On plotting the raw data for the whole data set, the mean PFIA-induced proliferation 

was lower overall in the animals born and sampled in the 1998 cohort than in the 

animals in the 1999 or 2000 cohorts. Overall, the animals in the 1999 cohort had the 

highest mean level of PHA-induced proliferation on days two and tlnee of culture 

(Figure 5.24).
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On REML analysis, on day tlii'ee of culture the animals from the 1998, 1999 and 

2000 cohorts had predicted means (± S.E.D.) for PHA-induced proliferation of 

12581.72 ± 1.16, 76879.92 ± 1.16 and 36315.50 ± 1.16, counts per minute, 

respectively. By day four of cultuie, the animals from the 1998 cohort had the 

lowest level of PHA-induced proliferation, followed by the 1999 cohort, with the 

animals from the 2000 cohort having the highest levels of PHA-induced proliferation 

(Figiue 5.24).

On REML analysis, in the whole data set, the year of birth was identified as being a 

significant effect as a fixed factor on the PHA-induced proliferation days two and 

fom* of cultui'e (p<0.001).

When raw data from the males and females were plotted separately, the overall mean 

PHA-induced proliferation pattern differed between the sexes, with the 1998 females 

having higher levels of proliferation than the 1999 and 2000 cohort animals, 

whereas, the 1998 males had the lowest level of PHA-induced proliferation when 

compared to the 2000 cohort males, with the 1999 cohort males having the highest 

levels of proliferation (Figui'e 5.25). On day four of culture, a similar’ pattern was 

seen between the males and females with the 1998 cohort animals having the lowest 

levels of PHA-induced proliferation (Figure 5.25).

On REML analysis, a significant effect of the year of birth was identified in the 

PHA-induced response in both the males and females when analysed separately.

For males, the year of birth was significant as a fixed factor on days two (p<0.001), 

four (p<0.01), and five (p<0.01) of culture.

For females, the year of birth was significant as a fixed factor only on day two of 

culture (p=0.05).
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53.1.4.4 Sample age

On REML analysis, in general, the levels of PHA-induced proliferation decreased as 

the age of the animals increased in the current study. On day four of culture, in the 

whole data set, an increase of seven days in the age of the individual animals 

sampled resulted in a mean (+S.E.) decrease of 6.4 ± 2.3 % in the levels of PHA- 

induced proliferation.

On REML analysis, the sample age had a significant effect as a fixed factor on PHA- 

induced proliferation on days two, four and five of cultiue, and as the significant 

two-way interaction sex by sample age on day two of cultui'e (p<0.01).

In the males, on day four of culture, an increase of seven days in the age of the 

individual animals sampled resulted in a mean (+S.E.) decrease of 4.8 ± 3.5% in the 

levels of PHA-induced proliferation.

In the females, on day four of culture, every increase of seven days in the age of the 

individual animals sampled resulted in a mean (±S.E.) decrease of 13.9 ± 3.8% in the 

levels of PPIA-induced proliferation.

On REML analysis a significant effect of sample age as a fixed factor on the PHA- 

induced proliferation in males was identified on day five (p<0.05) of culture.

On REML analysis, the sample age was significant on PHA-induced proliferation in 

the females on all days of cultuie. The sample age was significant as a fixed effect 

on days two (p<0.05), thi'ee (p<0.05), four (p<0.001) and five (p<0.001) of culture.

5.3.1.4.5 Sire

On plotting the raw data, considerable variation was observed in the mean PHA- 

induced proliferation among sire thi'oughout the assay, espeeially on days two and 

three of culture (Figure 5.26). Slightly less variation was observed on days four and
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five of culture with very little variation observed on days nine and ten of culture 

(Figure 5.26).

On REML analysis, in the whole data set, significant effect of sire on PHA-induced 

proliferation was found on day two (0.01<p>0.001) of culture (Figure 5.27).

In the males, a significant effect of sire on the PHA-induced proliferation was 

identified on days two (0.01<j7>0.001) and three (0.05<t?>0.01) of cultui'e (Figure 

5.28).

In the females, there was no significant effect of sire on the PHA-induced 

proliferation on any day of culture.
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5.3.1.5 Summary of REML analyses

Tables 5.11, 5.12 and 5.13 summarise the significant fixed factors and interactions 

and, where found to be significant, the random effect of sire, for the control, 6'. 

aureus-mâmQà and PHA-induced in vitro FBMC proliferation, respectively. Tables 

5.11-5.13 srunmarise the significant effects following analyses of the whole data set 

and the significant effects in the males and female subsets, following subsequent 

analyses.
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Chapter 6

Data exploration and analyses

6.1 In vitro polymorphonuclear cell 

phagocytosis

The main statistical analyses were carried out on the data obtained from the 

experimental animals sampled at approximately six months of age in the 2000 cohort 

for the in vitro phagocytosis of FITC-labelled (2.0pM) latex beads by isolated PMN. 

Basic data exploration and statistical analyses which included the assessment of 

correlation o f individual animal responses between time points within a single assay, 

con'elation of individual animal responses at re-sampling (approximately three 

months after initial sampling) and subsequently, more complex REML analysis was 

carried out. Only basic descriptive statistics were carried out on the small groups of 

second generation animals used in the assessment of in vitro phagocytosis of FITC- 

labelled S. aureus by isolated PMN and in the assessment of in vitro phagocytosis of 

FITC-labelled (2.0pM) latex beads by PMN in whole blood.

6.2 Data exploration

6.2.1 Distribution of data

A preliminary univariate analysis on approximately 140 animals sampled at 

approximately six months of age from the 2000 cohort was carried out for

1 8 1



assessment of in vitro phagocytosis of FITC-labelled (2.0pM) latex beads by isolated 

PMN. The percentage total phagocytosis by isolated PMN was assessed at all the 

time points i.e. 0 hours, 1 hour*, 6 hour' and 16 hours at 37°C and 1 hour at 4°C (as an 

indicator of non-specific adherence). The individual gates for 0 beads, one bead, two 

beads and greater than two beads were also assessed at each of the time points. As 

described previously, basic parameters such and Mean and Skewness were generated 

for the data.

Overall, the data was positively skewed for all the gates at each time point, apart 

from the 0 beads gate, which contained cells that had not undergone phagocytosis 

and were assumed to be the majority, if not all, of the cells during the early 

incubation points, which was negatively skewed at 4°C, 0 hours and I hour at 37°C 

(Table 6.1). Positive skewness of the data was high at 4°C for percentage total 

phagocytosis by isolated PMN, one bead, two beads and greater than two beads gate 

and the 0 hour and 1 hour incubation at 37°C, By six hour s of incubation, the data 

was normally distributed in the percentage total phagocytosis by isolated PMN 

(Figure 6.1), 0 bead and two beads gate. By 16 hours of incubation, the data was 

normally distributed in the percentage total phagocytosis by isolated PMN, one bead 

and two beads gate. The distribution of the data at 0 hours showing the positive 

skewness, indicated that most isolated PMN had not phagocytosed any latex beads, 

and as the incubation progressed, the number of isolated PMN which had 

phagocytosed FITC-labelled (2.0pM) latex beads increased, and by six hours of 

incubation, the data was found to be normally distributed.

6.2,2 Box and Cox transformation

The optimal transformation of the data was determined using Box and Cox analysis 

in Minitab (release 13). Optimal transformations were assessed for the percentage 

total phagocytosis by isolated PMN at all of the time points at 4°C and 37°C (Table 

6.2). Optimal transformations were also assessed for each of the gates i.e. 0 beads, 1 

bead, 2 beads and greater than 2 beads at all of the time points at 4°C and 37°C 

(Table 6.2). Variation was seen in the optimal transformation suggested for the

1 8 2
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various time points and pai'ameters measured (Table 6.2). Although a natural In 

transformation was predominate it was decided to not transform the raw data. The 

raw data was left untransformed due to planned future analysis which would initially 

focus on the six hour incubation when maximal phagocytosis by the isolated PMN 

was observed. At the six hour time point no transformation was required for the 

percentage total phagocytosis by isolated PMN (Figure 6.2). The 0 bead and 2 beads 

gate, at the six houi' time point and the 1 bead and 2 beads gate at the 16 hour time 

point, also required no transformation of the data (Table 6.2).

6.2.3 Correlations

6.2.3.1 Correlation of individual animal responses between time 

points

The Pearson’s Product Moment Correlation Coefficient in Minitab (Release 13) was 

used to calculate the correlation of individual animal responses between time points, 

i.e. the coiTelation between 0 hours and one hour, one hour and six hours, and six 

hours and 16 hours incubation at 37°C. This was carried out to assess if individual 

animals showed any trend in the in vitro ability of their isolated PMN to phagocytose 

FITC-labelled (2,0pM) latex beads. A significant positive correlation was identified 

between the time points for the assessment of percentage total phagocytosis of FITC- 

labelled (2,0pM) latex beads by the isolated PMN (Figui'e 6.3). A significant 

positive correlation was also identified between the time points for the 0 beads, one 

bead, two beads and greater than two beads gates. The significant positive 

correlations increased as the incubation period increased in all the gates except the 

one bead gate which showed a reduced correlation from 0 hours to 16 hours, the 

correlations ranged from 0.35 (p<0.001) to 0.78 (p<0.001) (data not shown). This 

positive correlation confirmed the validity of the assay and showed that individual 

animals do not fluctuate in their levels of in vitro PMN phagocytosis between time 

points in a single assay. As only a single time point was assessed at 4°C, no between 

time points correlations could be calculated.
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95% Confidence Interval
Last Iteration Info

StDevLambda
Low 0 954 13.330
Est 1.011 13 331

Up 1.067 13.333

2 3 4 55 -4 -3 -2 -1 0 1
Lambda

Figure 6.2: Box and Cox transformation o f assessment o f percentage total 

phagocytosis o f FITC-labelled (2.0pM) latex beads by isolated PMN from 140 

second generation animals sampled at approximately six months o f age from the 

2000 cohort.
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6.23.2 Correlation of individual animal responses at re sampling 

(approximately three months after initial sampling)

Correlation of individual animal responses at re-sampling (approximately three 

months after initial sampling) was assessed using the Pearson’s Product Moment 

Correlation Coefficient in Minitab (Release 13). Forty (approximately 30% of the 

total animals sampled at approximately six months o f age) second generation animals 

were re-sampled approximately tliree months after the initial sampling of the 2000 

cohort. The correlation between initial sampling and repeat sampling was poor for 

several of the time points (Table 6.3). However, significant positive correlations 

were identified at some time points. A significant positive correlation was identified 

at 4*̂ C for the one bead gate. Significant positive correlations were identified at 0 

hom's for the percentage total phagocytosis by isolated PMN, 1 bead, 2 beads and 

greater than two beads gates. Significant positive correlations were also identified 

for the two beads gate at six and sixteen hours. An almost significant correlation was 

identified for the percentage total phagocytosis by isolated PMN at six hours and the 

0 bead gate at 16 hours.

6.2.4 Correlation between in vitro peripheral blood

mononuclear cell proliferation and polymorphonuclear

phagocytosis in the 2000 cohort

The in vitro PBMC response to both PH A and S. aureus was compared to the

isolated PMN phagocytosis of FITC-labelled (2.0pM) latex beads in 140 second 

generation animals in the 2000 cohort. This was to determine if any correlation 

existed between the non-specific (PHA-induced) or specific {S. aureus-màwcQâî) 

proliferation of PBMC compared with the percentage total phagocytosis by isolated 

PMN from the same individuals. No significant correlations were identified between 

the S. awrew.s'-induced PMBC proliferation and percentage total phagocytosis by 

isolated PMN. However, a significant positive correlation was identified between 

the PHA-induced PBMC proliferation on day two (0.192,p<0.05) and day three
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(0.168, p<0.05) of culture and the percentage total phagocytosis by isolated PMN at 

six houi's incubation (a comparison of the peak days of mitogen-induced proliferation 

and the peak phagocytosis time by isolated PMN). This significant positive 

con’elation may indicate a link between the non-specific immune responses of these 

individual animals.

6.3 Data analyses

6.3.1 Linear Mixed Models -  Residual Maximum 

Likelihood

6.3.1.1 Animals and Model

Raw data was used in all REML analyses. All 140 animals from the 2000 cohort 

were analysed. Initially, the data was assessed as a complete data set analysing all 

the animals, male and female, together. However, following analyses of the males 

and females together there was evidence of interactions between sexes, which 

prompted repeating the analyses on single sex subsets. The percentage total 

phagocytosis of FITC-labelled (2.0pM) latex beads by isolated PMN was assessed at 

each time point at 37°C (0 hours, one hour, six hours and 16 hours) and was assessed 

as the Y variate in the model. The individual bead gates were not assessed by REML 

analyses. No REML analysis was carried out on the 4°C data, due to the negligible 

levels of non-specific background adherence measured by flow cytometry.

6.3.1.1.1 Fixed factors used In the model

The fixed factors used in the final model were: the sex of the individual which had 

two levels, male and female; the cross of the individual, which had tlnee levels, 

backcross Charolais, backcross ITolstein-Friesian or F2 (50:50 Charolais:Holstein-
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Friesian); the date the animal was sampled on, which had 14 levels, and the sample 

age, a covai’iate, that was the age of the individual animal in days at the point of 

sampling.

6.3.1.1.2 Random factor used in the model

The sire of the individual animal was assessed as the random factor in the model. 

There were a total of 12 sires used in the study: eight of the sires were FI (50:50, 

Holstein Friesian: Charolais) sires (ROl, R02, R05, R l l ,  R12, R15, R18 and R21); 

and four of the sires were FO Charolais (CHIOS, CHI 58, CH200 CH219).

6.3.1.1.3 Complete data set model

For the complete data set, the percentage total phagocytosis of FITC-labelled 

(2.0pM) latex beads at six hours incubation was examined. The REML model used 

was:

Fixed sex + cross + sample date + sample age

Random sire

6.3.1.1.4 Subset model

The REML model used for the analyses of the subsets of males and females was:

Fixed cross + sample date + sample age

Random sire

The date on which the individual animal was sampled, was open to a wide range of 

influences including environmental influences such as seasonal variations, housing 

conditions and the sampling procedures employed in the study which resulted in the 

animals being sampled in single sex groups. Due to the significant number of 

factors, which may have influenced the effect of sample date on the levels of
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phagocytosis, it was considered appropriate to exclude any significant effect o f 

sample date from the remainder of the analyses.

6.3.1.2 Significant factors affecting polymorphonuclear 

phagocytosis

On REML analyses of the whole data set, only significant fixed factors were 

identified. In the whole data set, no significant interactions were identified at any of 

the time points (Table 6.4). Sex was identified as a significant fixed factor at 0, 1 

and 16 hours, with sample age identified as the only other fixed factor at 1 hour 

incubation (p<0.05). The table of effects for sex (Table 6.5) showed that the males 

had consistently higher levels of PMN phagocytosis than the females, for example, 

the predicted mean (± S.E.D) for percentage total phagocytosis of FITC (2.0pM) 

labelled latex beads at one hour incubation was 17.91 ± 5.10% and 30.08 ± 5.10% in 

the females and males, respectively. The effect of sample age was relatively small, 

with every increase of 30 days in the age of the individual animal resulting in a 

increase in the mean (± S.E.) percentage total phagocytosis of 2.87 ± 1.44%.

No significant effects were identified when the males and females were analysed 

separately at any of the time points. In general, REML analyses requires large 

sample numbers and when the males and females were analysed separately the 

sample numbers may have been too small to obtain accurate analysis of the data 

using this method.

On REML analysis, no significant effect of sire was identified at any of the time 

points, however, on plotting the data, variation in mean percentage total phagocytosis 

of FITC-labelled (2.0pM) latex beads by isolated PMN was seen among sires at all 

of the time points (Figure 6.4). On plotting the data, variation was also seen among 

sires at individual time points (Figure 6.5).
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Chapter 7

General discussion

Understanding the processes involved in immunity to infection by pathogenic 

organisms is critical (Spriggs and Sher, 1999). Improvements in general immune 

competence should allovy enhanced resistance to many pathogens and would, thus, be 

a desirable selection criterion for livestock (Weigel et al., 1992). Various in vitro 

assays to assess neutrophil function; lymphocyte proliferation, serum Ig, complement 

and conglutinin concentrations (Kehrli et al., 1991), have been applied to serve as 

indicators of in vivo immune function. The overall aim of this study was to assess 

the in vitro immune function in a genetically defined population of Holstein-Friesian 

cross Charolais male and female cattle from approximately six months of age. The 

females were assessed at 12 month inteiwals for the three years of the study, whereas, 

the males were sampled at approximately six months of age only, as they were 

slaughtered at approximately 500kg for assessment of traits such as meat quality and 

carcass development. The study was designed to measure various peripheral blood 

mononuclear and polymorphonuclear cellular responses using a number of in vitro 

assays to assess aspects of cellular fimction induced by both non-specific and 

specific immunological stimuli.
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7.1 In vitro peripheral blood mononuclear cell 

proliferation

An essential aspect of this part of the study was to use the same batch and strain of S. 

aureus, as both strain and batch-to-batch variation have been shown previously to be 

important in both the kinetics and the magnitude of S. aureus-màViCQà proliferation, 

in addition, in a previous study by Logan (2001), S. aureus strain NCTC 13047 had 

been shown to successfully identify variation among individual animals in their in 

vitro PBMC proliferation when compared to other commercially available 

preparations of S, aureus. The strain of S. aureus was confirmed by REFP analysis, 

and enterotoxin typing was also caiTied out in order to improve the phenotypic 

profile o f the strain used in the assay. Enterotoxin D was identified as the only 

enterotoxin produced by S. aureus NCTC 13047. Toxin production is one of the 

essential components that determines the pathogenicity of staphylococci (Anderson, 

1986; Kotzin, et al., 1993; Lee, 1996). Enterotoxins A and TSST-1 have been shown 

to play a role in the stimulation and proliferation of T cells (Yokomizo et al., 1995), 

whereas, enterotoxin B has been reported by some authors to induce an in vivo state 

of immunosuppression that affects both humoral and cell mediated immunity (Pinto 

et ah, 1978). A single batch of formalin fixed S. aureus NCTC 13047, confirmed by 

REFP analysis, was prepared and optimised for use throughout the three sampling 

years on all the individuals sampled. The preparation of a single batch of S. aureus 

minimised the levels of assay variability and maximised the assay repeatability.

In vitro PBMC proliferation was assessed in over 300 animals at approximately six 

months of age over the tlnee years of the study. Non-specific PHA-induced 

blastogenesis, specific S. aureus-mdMCQA proliferation and control proliferation of the 

PBMC was assessed simultaneously. Previous studies have shown variation in S. 

aureus-màucQà. proliferative response among commercial Holstein-Friesian cattle 

(Fitzpatrick et ah, 1999; Logan 2001), measured by ^H-thymidine incoi*poration in 

the responding PBMC population, as used routinely by others (Schore, et ah, 1981; 

Concha and Holmberg, 1996; Shafer-Weaver and Sordillo, 1997). This study
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expanded these observations in variation in proliferative ability among individual 

animals into a much larger, genetically defined population, of male and female 

animals, and investigated the variation in response among these individual animals 

over three years. Variation in the proliferative ability of these animals in relation to 

breed or sire was also assessed. Preliminary development of the S. aureus-induced 

PBMC proliferation assay had been carried out in previous studies and PBMC 

blasto genesis by lectins such as PH A has been described in previously published 

work (Pearson et al., 1979; Schore, et al., 1981). Results of in vitro PBMC 

proliferation have traditionally been expressed as stimulation indices (SI, PBMC plus 

antigen, divided by PBMC without antigen), or as A counts per minute, (PBMC plus 

antigen, minus, PBMC without antigen, Lan et al., 1995). In this study, data for both 

the counts per minute plus antigen (either S. aureus or PHA-induced) and the counts 

per minute minus antigen (control proliferation) were reported, rather than SI or A 

counts per minute.

The S. aureus-mdwcQd proliferation was shown to peak between day four and day 

five of culture, as shown previously by Fitzpatrick et al. (1999), and Logan (2001). 

Variation in S. aureus-mdwœd in vitro PBMC proliferation was seen among 

individual animals throughout the assay, with a wide range of 62.1-195,107 counts 

per minute on day five of culture, while control proliferation varied from 42.0- 

14,812.7 counts per minute, on the same day. Variation in the magnitude of the 

proliferative response induced by antigenic challenge has been previously reported 

by others (Fitzpatrick et al., 1995; McCole et al., 1998).

In this study, the non-specific PHA-induced blastogenesis was shown to reach peak 

proliferation between days two and three of culture, as shown in a previous study 

(Pearson et al., 1979), which assessed a range of different lectins. The previous 

study concluded that PHA-induced PBMC proliferation peaked on day tlrree of 

culture with a mean maximum stimulation ratio of 204.7. Pearson et al. (1979) also 

identified variation among individual animals in their PHA-induced proliferation, 

with a range of stimulation indices from 82.4 to 394.9 identified in five Holstein- 

Friesian steers of between six and ten months of age. In the current study, on day 

tlnee of culture, the PHA-induced proliferation ranged widely from 312.17-169569
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counts per minute, while control proliferation ranged from 69.47-16265.6 counts per 

minute.

In the current study, the assay was further developed by assessing the kinetics of the 

in vitro PBMC proliferation at six time points over a 10 day incubation period. The 

in vitro proliferation was assessed on days two, tlnee, four, five, nine and ten of 

cultme. It was necessary to assess all the different time points, to allow 

comprehensive assessment of the kinetics of both the non-specific and specific 

responses of the PBMC. Variation in the kinetics between the specific and non

specific stimuli were confimied, with the S. aureus-màwoQà PBMC proliferation 

peaking at day four or five, whereas the PHA-induced PBMC proliferation peaked by 

day two or three of cultme, depending on the individual animal. By day nine and ten 

of culture, very little proliferation was observed with either the stimulated PBMC or 

the control PBMC, due to the large proportion of dead or dying cells present in the 

cultme at this point in time.

The variability among animals in the intensity of the immune response induced may 

reflect the efficiency of antigenic processing, association between antigenic peptides 

and MHC class II, and ultimately presentation to T helper cells (Buus et al., 1987). 

Individual variability in the intensity of an immune response induced by a specific 

antigen has been reported in both inbred populations such as mice (Hooper et al., 

1987) and in outbred populations, such as cattle (Lutje and Black, 1991). Variation 

among individual animals was seen in the current study at all of the days assessed, 

with the largest variation seen mound pealc proliferation for both S. aureus-màmQà 

and PHA-induced cultures.

Previous studies by other authors aimed at assessing immune function in cattle have 

generally been carried out on smaller numbers of female dairy cattle (Detilleux et al., 

1995; Weigel et al., 1991). Evaluation of beef cattle has focussed on assessing 

castrated male calves up to approximately two years of age for traits such as lean 

tissue growth rate (Kempster et al., 1988) or feed conversion ratios rather than 

immunity (Arthur et al., 2001). The current study involved sampling a large number 

of animals, both male and female, at approximately the same age, with Imown 

genetic backgrounds, which is unique with regard to the current literature. This was
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essential to determine if individual variation among animals was related to the sex, 

cross, or sire of the animal. In this study, variation in in vitro PBMC proliferative 

ability was identified between males and females, among cross of the animals, i.e. 

whether they were F2, Holstein-Friesian backcross or Charolais backcross, and 

among sires.

One aim was to identify if  the variation observed among individuals in relation to 

any of these factors was consistent for S. aureus~\r\d\\CQ&, PHA-induced and control 

proliferation. The hypotheses to be tested were: i). animals that were high 

responders to specific stimuli also high responders to non-specific stimuli, ii). 

animals that were poor responders to specific stimuli were also poor responders to 

non-specific stimuli, or iii). animals that were high responders to non-specific stimuli 

were poor responders to specific stimuli. This was assessed in the females from the 

1999 cohort due to the availability of additional MHC DRB allele RFLP patterns, 

that had been carried out at the Roslin Institute. The females in the 1999 cohort, 56 

in total, were ranked for S. aureus-inducQ& and PHA-induced PBMC proliferation 

and analysed with respect to MHC DRB 3 allele RFLP patterns. The study indicated 

that six animals that were ranlced in the highest 15 for S. aureus-mdxxoQd proliferation 

were among the lowest 15 for PHA-induced proliferation and conversely, four 

animals that were in the highest 15 for PHA-induced proliferation were among the 

lowest 15 for S. nwrez^j-induced proliferation. Only two animals were identified as 

being in the highest 15 for both S. aureus-mducQd and PHA-induced PBMC 

proliferation and conversely, and only two animals were identified in the lowest 15 

for both S. aureus-mdwQQd and PHA-induced proliferation. The data suggests that a 

good specific immune response in an individual does not necessarily mean a good 

non-specific immune response, and conversely, a poor specific immune response 

does not necessarily mean that the individual will have a poor non-specific immune 

response. These observations indicate that the specific and non-specific arms of the 

immune system may not be controlled in the same way and may reflect functions of 

different cell types and immune responses. This finding may have implications in 

the breeding of dairy cattle as resistance to one particular disease, may then lead to 

susceptibility to another disease. The method of assessment of immune function is, 

therefore, critical in the identification of genetic mai'kers of resistance or 

susceptibility, which may be used in future breeding programmes due to the potential
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situation which may have resulted in an incorrect marker of immune function being 

chosen to indicate resistance to a particular pathogen or disease and thus resulting in 

inadvertently breeding for susceptibility to this disease rather than resistance. In this 

study many different RFLP patterns were identified in both the high and low groups 

of animals for S. aureus~mà\\.cQd and PHA-induced in vitro PBMC proliferation. 

Previous studies in dairy cattle have shown associations of DRB 16 with both 

resistance to (Sharif et al., 1998), and susceptibility to (Dietz, et a l, 1997a), clinical 

mastitis. In the current study, only five of the animals possessed DRB 16, and of 

these five animals, three were ranked in the highest 15 for S. aureus-ïwdnœà 

proliferation and four were ranked in the lowest 15 for PHA-induced proliferation. 

This data highlights the importance of the assay chosen for assessment of resistance 

or susceptibility to disease, as the same individuals were ranlced in the highest 15 for 

specific immunity while being in the lowest 15 for non-specific immunity. Choosing 

the correct method of assessing iimnune function is therefore an essential aspect on 

any study. For example, if  the current study had examined either S. aureus-mdncQd 

PBMC proliferation or PHA-induced proliferation, rather than both, the possible 

dichotomy between specific and non-specific iimnune function highlighted in these 

animals would not have been identified. Obviously further work in this area would 

need to be carried out to substantiate this finding.

In addition to the main data set of 300 animals at six months of age, the females were 

sampled longitudinally at 12 month intervals throughout the tlnee years of the study. 

A previous study by Ayoub and Yang (1996) involving four female calves, studied 

changes in peripheral blood lymphocyte subpopulations from two months of age, 

monthly, until two and a half years of age and again at approximately four years of 

age. Ayoub and Yang concluded that the proportions of peripheral blood 

lymphocytes varied from approximately six months of age in the animals, with 

individual animal variation also occurring. It has been recognised that the numbers 

and types of cell present in the peripheral blood which are capable of recognising and 

responding to a pathogenic stimulus will have an impact on the intensity of the 

subsequent immune response. Previous exposure to a pathogenic stimulus may 

result in the expression of memory phenotype (CD45RO) CD4^ T cells. These CD4^ 

memory T cells have been shown to have altered proliferative responses, requiring 

much lower levels of antigen to induce a proliferative response (Rogers et al., 2000).
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When T cells, expressing the memory phenotype, are induced to proliferate by recall 

antigen, they display rapid proliferative responses when compared to naïve T cells 

which have been shown to undergo a lag phase prior to induction of a proliferative 

response (Rogers et al., 2000). This current study attempted to assess if variation 

existed in the specific and non-specific in vitro PBMC proliferative ability in the 

females in our study over time. There were only 22 females born in the 1998 cohort, 

which were assessed at 18 and 30 months of age and 57 females born in the 1999 

cohort which were assessed at 18 months of age. No obvious trend was identified for 

either mean (± S.E.M.) S. aureus-iwducQd or mean (± S.E.M.) PHA-induced PBMC 

proliferation when the animals were sampled at 12 month intervals. In the 1998 

females there was a reduction in the mean (± S.E.M.) S. aureus-inducQd proliferation 

between 1998 and 1999 (i.e. 6 and 18 months of age), whereas, with the 1999 cohort 

there was no significant difference in the mean (± S.E.M.) S. aureus-mdnced 

proliferation between 1999 and 2000 (i.e. 6 and 18 months of age). The mean (± 

S.E.M.) PHA-induced proliferation in the 1998 cohort increased significantly 

between 1998 and 1999 (i.e. 6 and 18 months of age), whereas, in the 1999 cohort 

there was a significant decrease in the mean (± S.E.M.) PHA-induced proliferation 

between 1999 and 2000 (i.e. 6 and 18 months of age). The mean (± S.E.M.) PHA- 

induced proliferation continued to increase in the 1998 cohort between 1999 and 

2000 (i.e. 18 and 30 months of age), with a marginal increase observed in the mean 

(± S.E.M.) S. aureus-induQQd proliferation. Due to the relatively small numbers of 

females in the 1998 cohort and also that within the scope of this study the 1999 

females were followed at 6 and 18 months compared to the 1998 females which were 

followed at 6, 18 and 30 months of age, any acciuate conclusion about variation in 

specific or non-specific immune function with age, measured by S. aureus-mdxxœd 

and PHA-induced in vitro PBMC proliferation, respectively, was extremely difficult 

and would require further assessment.

There was also no variation observed in the kinetics of either the S. aureus-induoQd 

or PHA-induced in vitro PBMC proliferation between the sampling years: the peak 

assay day for S. aureus-mdxxcQd and PHA-induced proliferation remained the same 

irrespective of the age of the animals sampled.
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Univariate statistical analyses of the data was performed on the animals sampled at 

approximately six months of age to assess factors such as the distribution of the data, 

the mean, the skevvaiess, optimal transformations, correlation of individual animal 

responses between days of culture and correlation of individual animal responses at 

re-sampling (approximately three months after initial sampling). Assessment of the 

distribution of the ‘raw’ data is essential, as most statistical procedures require data 

which fits a normal distribution, unless non-parametric tests such as the Wilcoxin 

Signed Rank Test (equivalent to a paired t-test) or Spearman’s Ranlc Correlation 

Coefficient (equivalent to Pearsons Correlation Coefficient) were to be employed.

The S. awrei/5-induced, PHA-induced and control in vitro PBMC proliferation were 

positively skewed on all of the days of culture, with a general increase in the 

skevwiess observed for all the parameters with increasing days of in vitro culture. 

The increase in skewness was greatest in the PHA-induced and control proliferation 

wliich were approximately five times more skewed on day ten of cultuie than on day 

two of culture, whereas, S. aureus-'màviCQà. proliferation showed an approximate two 

fold increase in skewness between days two and ten of culture. This increase in 

skewness corresponds with a decrease in the functional viability of the PBMC, thus, 

as the PBMC proliferation decreased, the skewness increased.

Box and Cox analyses (Box and Cox, 1964) indicated that the overall optimal 

transformation of the data to provide a more normally distributed data set was a 

natural logarithmic transformation. Transforming the S. aureus-mducQd, PHA- 

induced and control proliferation data using the same transformation allowed 

biological comparison and interpretation of the data for all the parameters following 

the subsequent REML analyses and was considered appropriate for this study.

Variation in proliferative ability has been shown to be influenced by age, sex, breed, 

stress, health status and genetic background (Schalm et al., 1976; Kristensen et al., 

1982). In order to assess the affect of day to day assay variation compared with 

‘real’ variation between individual animals, the individual animal between day 

con’elation was assessed using the Pearson’s Product Moment Correlation 

Coefficient on each day of culture in the cmrent study. The correlation of individual 

animal responses between days of culture was high, with significant (p<0.05)
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positive correlations observed between the days of culture for the S. aureus-màwoo^à, 

PHA-induced and control in vitro PBMC proliferation, indicating that variation 

observed among individuals was due to ‘real’ variation and not between day assay 

variation.

The correlation of individual animal responses at re-sampling (approximately tlnee 

months after initial sampling) was lower, than correlation of individual animal 

responses between days of culture, but still significant (^><0.05), with positive 

correlations observed on days four and five of culture for S. aureus-mduQQd and 

control in vitro PBMC proliferation, with an almost significant (p<0.1) correlation 

identified for PHA-induced proliferation on day four of culture. This indicated that, 

overall, individual animal correlation when animals were re-sampled approximately 

three months after the initial sample was poor for days two, tliree, nine and ten of 

culture, however, their responses at peak proliferation, days four and five of culture, 

were significantly positively correlated for S. nwrew.s-induced, PHA-induced and 

control proliferation between the initial and repeat sample.

The correlation between individual animals responses at re-sampling (approximately 

thi'ee months after initial sampling) indicated a similarity between the sampling 

points, i.e. animals that had high levels of S. aureus-'md\xcQd in vitro PBMC 

proliferation on the first sampling point still had high levels of S. aureus-mducQd in 

vitro PBMC proliferation several months after the initial sampling. The significant 

correlation between individual animals over time on days four and five of culture for 

the S. nwrgwjT-induced and control proliferation indicated the validity of use of the 

assay on these days as an indicator of in vitro PBMC proliferative ability and in 

measuring variation among individuals. Phytohaemagglutinin-induced in vitro 

PBMC proliferation has traditionally shown to have low levels of assay repeatability. 

In the current study, correlation of individual animal responses at re-sampling 

(approximately tluee months after initial sampling) was poorer than for S. aureus or 

control culture, but almost significant on day four of culture indicating that it may 

serve a useful role as a indicator of non-specific immunity in cattle.

A strong correlation in immune function tests in individual animal responses at re

sampling would not be expected, as the immune systems of these animals have to be
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adaptable and are constantly changing, influenced by many factors such as the 

environment, hormone fluctuations and the exposme to pathogenic organisms. In the 

current study, as the assay was found to be coiTelated at day fom and five of culture 

for most parameters, the validity of the assay to assess ‘real’ variation in immune 

function among animals rather than just variation in the assay was confirmed, with 

the proviso that animals studied were sampled over a relatively short period of time.

Residual Maximum Likelihood analysis was performed on a total of 302 animals 

sampled at approximately six months of age. Preliminaiy analyses were carried out 

on the complete data set including males and females. Due to the evidence of 

interactions between sexes, subsequent analyses were also performed on males and 

females separately.

Preliminary analyses identified that the control proliferation had a significant effect 

on both the S. aureus-'mduœd and PHA-induced proliferation on all the days of 

culture and subsequent models created for analyses of the S. aureus-induced and 

PHA-induced data, therefore, included control proliferation as a fixed factor. The 

control PBMC proliferation was found to have a regression coefficient of between 

zero and one which meant that the use of delta counts per minute i.e. counts per 

minute in the presence of antigen minus counts per minute in the absence of antigen, 

or stimulation indices (SI) i.e. counts per minute in the presence of antigen divided 

by counts per minute in the absence of antigen, would have been inaccurate. For 

example, in the current study, the males were found to have consistently higher 

levels of control PBMC proliferation than the females, and, in the current study, if SI 

had been used to assess immune function, the calculation of SI would have resulted 

in a reversal of the current findings, with the male SI being lower than the female SI, 

whereas, in the current study, in all the parameters assessed, the males were shown to 

have consistently higher levels of in vitro PBMC proliferation than the females.

In the whole data set, sex had a significant effect on control proliferation thi'oughout 

the assay, with males having consistently higher control proliferation than females. 

Sex was identified as a significant factor as a fixed effect on day two of culture. On 

days tlu*ee, four and five of culture, the sex by cross two-way interaction was found 

to be significant. The only other factor which was identified as having a significant
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effect on the control PBMC proliferation was the year of birth of the individual 

animal, which showed that the animals born in the 1998 cohort had lower levels of 

control PBMC proliferation than the animals born in the 1999 or 2000 cohorts. This 

effect was only significant on day two of culture.

In the males and females the main significant effect on the control PBMC 

proliferation was the cross of the individual. In the males, the cross was identified as 

a significant fixed factor on day five of culture, whereas, in the females, the cross 

was identified as a significant factor on days tliree, four and five of culture.

In the whole data set, the backcross Charolais animals had higher levels of control 

PBMC proliferation than the backcross Holstein-Friesian and the F2 animals. When 

the males and females were analysed separately, the mean control proliferation for 

each of the crosses was found to differ between the sexes. In the males the F2 

animals were found to have higher levels of control proliferation than the backcross 

Holstein-Friesian or backcross Charolais, whereas, in the females, the backcross 

Charolais animals were found to have higher levels of mean control proliferation 

than the backcross Holstein-Friesian of the F2.

The significant cross effect identified in the control proliferation in the females up to 

and including day five, and the significant random effect of sire identified in the 

males on day two of culture, may indicate genetic effects on the in vitro PBMC 

proliferation in the absence of either antigenic or mitogenic stimuli which may be 

important in the eai'ly stages of in vitro culture.

In the whole data set, the main significant effects on the S. aureus-induceà PBMC 

proliferation following analyses were the sex of the individual, the cross, the year of 

birth, the control and the sample age. As with the control proliferation, the males 

had consistently higher levels of S. aureus-màuceà in vitro PBMC proliferation 

when compai'ed to the females.

In the whole data set, cross was identified as a significant fixed effect on day two and 

as a significant two-way interaction on day thi’ee. Further assessment of the cross 

effect in terms of S. aureus-mduced in vitro PBMC proliferation, indicated that at
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peak proliferation, the Holstein-Friesian backcross animals had a considerably better 

responses than the Charolais backcross or the F2 animals. The F2 animals had 

marginally better levels of S. aureus-induced proliferation than the Chai’olais 

backcross.

One hypothesis for the ability of the Holstein-Friesian backcross animals to respond 

to the S. aureus most effectively could be due to fact that S. aureus is one of the 

major bovine mastitis pathogens in the UK, causing both clinical and subclinical 

mastitis. Staphylococcus aureus is the predominant cause of subclinical mastitis 

(Wilson and Richards, 1980), where somatic cell count acts as an indicator of 

infection. Persistently elevated somatic cell counts indicate chronic infection which 

is characteristic of S, aureus (Holdaway et aL, 1996). It is possible, therefore, that 

Holstein-Friesian cattle that have the ability to mount an effective immune response 

against S. aureus will survive within the genetic population, as animals with poor 

immune responses against S. aureus may have been culled from the herd due to 

repeated episodes of clinical and subclinical mastitis or persistently elevated somatic 

cell coimts which would be economically detrimental to the dairy farmer. 

Conversely, one hypothesis to explain the poorer levels of S. aureus-induced 

proliferation in the backcross Charolais animals could be that they have been 

selected for traits other than resistance to infection with S. aureus.

In the whole data set, the year of birth was found to have a significant effect on the S. 

aureus-induced proliferation on all days of culture, i.e. days two, three, four and five, 

as either a significant fixed factor or a significant interaction on day three of culture. 

The S. aureus-induced proliferation was shown to decrease from 1998 to 2000, this 

may be due to many factors such as possible deterioration of the antigen in storage, 

which may have made it less inmiunogenic. In future studies it may be required that 

optimisation of the antigen for use should occur prior to each years sampling to test 

this possibility. Enviromnental factors, such as increases in herd size from year to 

year and differing exposure to pathogens, may also potentially influence immune 

responses.

In the whole data set, the sample age of the individual animals was found to have a 

significant effect on the S. aureus-induced proliferation as a significant two-way or
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three-way interaction on day three of culture or as a fixed effect on day four of 

culture. As the age of the animals increased their levels of S. aureus-induced 

proliferation increased, indicating a possible increase in the specific immune 

responses of these animals corresponding with the development and maturation of 

their immune systems.

Wlien the males and females were analysed separately, the main significant effects 

on the S. aureus-induced proliferation, in both the males and females were the year 

of birth, sample age and control proliferation, with the cross only identified as having 

a significant effect as pail of a significant interaction on day three of cultme. The 

effect of year of birth was similar in both the males and females with both males and 

females having lower levels of S. aureus-indueed PBMC proliferation in the 2000 

born cohorts than in the 1998 born cohorts. The effect of sample age on the S. 

aureus-induced proliferation was found to differ slightly between the sexes, on day 

foLU of culture, the males showed an increase in their levels of S. aureus-induced 

proliferation with increasing age, whereas, in contrast, the females showed a slight 

decrease in their levels of S. aureus-induced proliferation with increasing age.

A significant random effect of sire was identified in the whole data set and in the 

females on day two of culture only, which may indicate some form of genetic control 

of early responses of PBMC to S. aureus.

The main significant effects on the PHA-induced proliferation when the complete 

data set was analysed were the sex of the individual, cross, year of birth, control and 

sample age. As with the control and S. aureus-induced proliferation, the male PHA- 

induced proliferation was markedly higher than the female PHA-induced 

proliferation.

In the whole data set, the cross of the individual was identified as a significant effect 

on day five of culture. Further assessment of the cross effect, at peak proliferation 

indicated that the backcross Chaiolais animals had greater levels of PHA-induced 

proliferation than either the Holstein-Friesian backcross or F2 animals. One 

hypothesis for this variation in PHA-induced proliferation related to breed could be 

that Charolais animals are traditionally bred for beef production and may be required
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to have effective non-specific immune systems to prevent the establishment of 

generalised infections, including respiratory and enteric disease, which would be 

detrimental to growth rates and associated production traits.

In the whole data set, the year the animals sampled at approximately six months of 

age were born, was found to be significant as a fixed effect on days two and four of 

culture. The PHA-induced proliferation was shown to increase with the year of birth, 

as the animals sampled at approximately six months of age born in the 1998 cohort 

had lower levels of proliferation than the animals sampled at approximately six 

months of age born in the 2000 cohort. This increase in PHA-proliferation may 

indicate an increase in the levels of non-specific immimity in these animals which 

may be due to environmental or other non-measured effects.

In the whole data set, in the animals sampled at approximately six months of age, the 

‘actual’ sample age was identified as having a significant effect on the levels of 

PHA-induced proliferation on days two and five of culture as either a significant 

two-way interaction or a significant fixed effect. Overall, as the age of the animals 

increased, the levels of PHA-induced proliferation decreased, indicating a reduction 

in the levels of non-specific immunity. This reduction in non-specific immunity may 

be linlced to the increase in specific immunity with age as shovm by the increase in 

the levels of S. aureus-induced proliferation described earlier.

When the males and females were analysed separately, the main significant effects 

were cross, control, year of birth and the sample age, in both males and females. The 

cross was identified as a significant effect in the males only, on days two and five of 

culture, whereas the year of birth was identified as a significant effect in both the 

males and females. The effect of yeai' of birth was found to differ between the sexes, 

with the 1998 females having higher levels of PHA-induced proliferation than the 

1999 and 2000 cohort animals, whereas, the 1998 males had the lowest levels of 

PHA-induced proliferation when compared to the 2000 males, with the 1999 males 

having the highest levels of proliferation. The sample age was found to have a 

similar effect on the PHA-induced proliferation in both the males and females, with 

increasing age in the individual animals resulting in a decrease in the level of PHA-
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induced proliferation. This decrease was approximately 10% greater in the females 

for every 7 day increase in age when compared to the males.

The sire was identified as a significant random factor in the whole data set on day 

two, and in the males on days two and tliree of culture, indicating that genetic control 

may affect the levels of PHA-induced proliferation in individual animals in the early 

stages of culture.

For all the parameters assessed there are indications that immune fiinction, 

particularly early in culture may be linked to the sire of the individual animal, with 

the cross of the individual influencing the immune responses of these animals 

throughout the assay, thus highlighting a possible genetic link with both specific and 

non-specific immune function.
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7.2 In vitro polymorphonuclear cell 

phagocytosis

Polymorphonuclear cell function is one of the most important host defences against 

pathogenic challenge (Perticarari et al., 1991). Measuring various aspects of blood 

polymorphonuclear cell function has been shown to be of increasing importance in 

medical diagnosis and prognosis (Egger et al., 1997). Neutrophil function in cattle 

has been assessed in relation to many factors including, neonatal susceptibility to 

disease (Moiola et ah, 1994; Menge et al., 1998), immunosuppression at parturition 

(Dosogne et al., 1999), reduced PMN function associated with antibiotic 

administration (Hoeben et al., 1997), and in the selection of dairy cattle in breeding 

programmes for resistance to disease (Durr et al., 1996; Kelm et al., 1997).

In the past, studies have been performed to quantify phagocytosis (Dunn and Tyrer,

1981; Bjcrimes and Bassoe, 1984), distinguish adherent from ingested bacteria,

(Fattorossi et al., 1989; Santos et al., 1995) and to monitor the oxidative bmst of 

PMN by flow cytometry (Bass et al., 1983; Salgar et al., 1991). One of the aims of 

the current study was to develop a method to assess accurately in vitro bovine PMN 

phagocytic ability in an isolated PMN population by flow cytometry. Following 

development of the assay, another aim of the current study was to assess if vaiiation 

existed among individual animals in their PMN phagocytic ability, and if so, was the 

variation associated with the sex, cross, or the sire of the individual animal.

Assessment of a wide range of parameters were carried out during the development 

and optimisation of the in vitro phagocytosis assay by isolated PMN. Non-specific i

adherence of FITC-labelled particles to the outside of the PMN cells surface, 

resulting in an overestimation of total phagocytosis has been well documented by
■f

others. Quenching this non-specific adherence prior to flow cytometry had been 

assessed by various methods including the addition of trypan blue (Trinlde et al.,

1987), ethidium bromide (Fattorossi et al., 1989), crystal violet (Perticarari et al.,

1991), or a commercial lysing agent, Immunolyse™ (White-Owen et ah, 1992).
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Santos et al. (1995) assessed non-specific adherence in isolated human PMN by 

running a duplicate sample at 4°C, which inhibited phagocytosis by the isolated 

PMN. Santos et al. (1995) used scanning electron microscopy to confirm that 

adherence and not phagocytosis of the fluorescent (2.0pM) latex particles occuiTed at 

4°C. This method of assessing non-specific adherence was successfully adopted in 

the cunent study. Relatively low levels of non-specific adherence of the FITC- 

labelled latex beads, of approximately 1 %, were observed during the optimisation of 

the assay, which allowed a single assessment of the non-specific adherence at one 

hour to be used as a background control for all the time points employed. 

Phagocytosis is facilitated by opsonins such as the immunoglobulins IgG and IgM 

and complement component C3 (Van Furth and Leijh, 1978). The need for 

opsonisation has been studied extensively since Wright and Douglas (1903) first 

described the opsonic effect of serum, reviewed by Horwitz (1982). In contrast, 

Wood et al. (1946) reported that phagocytosis can occur in the absence of opsonins 

when bacteria are trapped by the PMN against a surface and undergo ‘surface 

phagocytosis’. More recent studies have indicated that the suiface charge and 

hydrophobicity of the bacteria are important factors that determine whether 

microorganisms need opsonins for the successful uptake by PMN (Van Oss and 

Gilman, 1972, Stendahl et al., 1979). A study by Vandenbrouke-Graulis et al. 

(1984) examined the interaction between human PMN and S. aureus in the presence 

and absence of opsonins. This study concluded that uptake of unopsonised S. aureus 

proceeded at a slower rate than opsonised bacteria, however, the imopsonised 

staphylococci induced metabolic activity and degranulation in the PMN to the same 

extent as opsonised bacteria. A more recent study by Paape et al. (1996), identified 

that in the absence of opsonins, bacteria can adhere to neutrophils by specific binding 

between marmose-specific lectins on the surface of the bacteria and carbohydrates on 

the phagocytic cell membrane which is mediated by the integrins GDI la, b, c/CD 18 

(Gbarah et al., 1991). In this current study, we assessed the phagocytosis of FITC- 

labelled (2.0pM) latex beads in the presence of heat inactivated autologous serum, 

heat inactivated foetal calf serum or heat inactivated adult bovine serum. Foetal calf 

serum resulted in the lowest levels of phagocytosis, with autologous serum having 

marginally higher levels of phagocytosis than adult bovine serum. Adult bovine 

serum was chosen for use in the assay, for practical reasons: it was easier to use than
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autologous serum which would have required additional stock FITC-labelled 

(2.0qM) latex beads solutions for each individual, rather than a single solution which 

could be aliquoted among animals. Assessment of the phagocytosis of different sizes 

of FITC-labelled beads was also carried out, FITC-labelled latex beads smaller than 

2.0pM were not phagocytosed by isolated PMN populations and not detectable 

visibly by flow cytometry. Assessment of the ratio of PMN to FITC-labelled 

(2.0pM) latex beads was also carried out to ensure the optimum ratio for maximal 

phagocytosis. Previous studies have shown that ratios of less than 25 FITC-labelled 

bacteria to one PMN resulted in lower levels of phagocytosis by PMN in whole 

bovine blood and a ratio of 25:1 was chosen as optimal (Smits et aL, 1997). In the 

current study a ratio of 50 FITC-labelled latex beads to one PMN was chosen as 

optimal, as it was shown to have significantly higher levels of phagocytosis than 

25:1, and was not significantly different from 100:1. Studies assessing phagocytosis 

by PMN in whole blood and isolated PMN populations use a range of incubation 

times to examine phagocytosis (Hasui et ah, 1989; Perticarari et aL, 1991; Perticarari 

et aL, 1994; Smits et aL, 1997). The optimal time point for maximal phagocytosis in 

the assay conditions developed in the current study, to assess the in vitro 

phagocytosis of FITC-labelled latex beads by isolated PMN, was six hours 

incubation at 37°C, a lower, but still measurable, level of phagocytosis was seen at 

one hours incubation. The 16 hours time point was used as an end point for the 

phagocytosis, as the numbers of viable PMN had decreased due to the relatively 

short life span of PMN compared to other cells in culture. The percentage total 

phagocytosis at 16 hours incubation may be an over-estimate of the true levels of 

phagocytosis due to the possible reduction in the numbers of viable PMN.

Part of the optimisation of the assays used in the assessment of in vitro PMN 

phagocytic function by both isolated PMN and PMN in whole blood involved setting 

gates within the cell populations. Gates were set on the lineai’ graphs of fluorescence 

versus total number of cells to correspond with the phagocytosis of zero, one, two, 

and greater than two FITC-labelled (2.0pM) latex beads by the PMN, as it may be 

possible that some individual animals may possess PMN populations with limited 

phagocytic ability, assessed in this study by the phagocytosis of only one latex bead 

rather than other individuals who may have the capability to phagocytose multiple
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beads. In contrast, the gates set in this study may have little or no biological 

relevance. Larger numbers of animals and possibly alternative methods of assessing 

the data may be required to answer this hypothesis.

Following successful development and optimisation of the assay to assess in vitro 

PMN phagocytosis of FITC-labelled (2.0pM) latex beads by isolated PMN, 140 

animals, both male and female at approximately six months of age, with a Imown 

genetic background, were sampled to determine their in vitro isolated PMN 

phagocytic ability. Variation in in vitro PMN phagocytosis of FITC-labelled 

(2.0pM) latex beads by isolated PMN was seen among individual animals, between 

sexes, and among sires at each of the time points. The largest variation among 

individual animals was seen at six and sixteen hours.

Assessment of the phagocytosis of FITC-labelled S. aureus was attempted in a small 

group of approximately 20 animals. However, considerable difficulty in 

interpretation of the data was encountered along with extremely high background 

non-specific fluorescence. It was decided that further work to optimise the assay 

would be required before accurate results would be obtained and this would be an 

essential part of any continuation of this aspect of the project. Due to time 

constraints, development of this method, was outwith the scope of this current study. 

An essential first step of fliture work in this area would be to consider labelling the S. 

aureus NCTC 13047 ‘in-house’ rather than using a commercially labelled strain as 

was used in the current study to try to reduce background non-specific adherence.

Traditionally, assessment of PMN function has been carried out on relatively pure, 

isolated PMN populations (Roth and Kaeberle, 1981; Kerhli et aL, 1989; Durr et aL, 

1996). Recent studies have shown that the isolation procedure can alter some of the 

functional capabilities of the PMN (Egger et aL, 1997) and subsequently, whole 

blood assays for assessment of PMN function have now become more favourable. 

Some of the advantages of whole blood assessment of PMN function are that they 

require smaller volumes of blood, assess the PMN in their normal environment i.e. in 

a mixed cell environment, and do not need additional supplementation with sera 

components associated with opsonisation. Development of an assay for assessment
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of in vitro PMN phagocytosis of FITC-labelled (2.0f.iM) latex beads in whole blood 

was carried out on a small group of approximately 20 animals. Variation in PMN 

phagocytic ability was seen among individuals with maximal levels of phagocytosis 

reached by one hour incubation. The background non-specific adherence was also 

assessed and was found to be marginally higher than the non-specific adherence for 

the isolated PMN, but the mean was still below 10% thi’oughout the incubation 

period. For the analysis of phagocytosis by PMN in whole blood an additional gate 

for the mononuclear cells was set and monitored. No phagocytosis was observed in 

the mononuclear cell gate tliroughout the incubation, which confirmed the 

phagocytosis observed in the whole blood was due to the PMN population. Visually, 

phagocytosis by the PMN in whole blood was not as clear as the phagocytosis of the 

isolated PMN in the graphs of side scatter versus forward scatter even although the 

same number of PMN were counted in the PMN gates in both cases. Overall, the 

whole blood assay was a rapid technique which required less reagents, less blood, 

and gave similar’ results to the phagocytosis observed in isolated PMN populations 

following flow cytometry. In the current study, the development of the assay to 

assess PMN phagocytosis in whole blood was undertaken as a future alternative to 

the method developed which assessed PMN phagocytosis in an isolated PMN 

population and may form an important aspect of future studies.

Previous studies have assessed the functional ability of blood and milk PMN in dairy 

cows by assessing the in vitro phagocytosis of E. coli or S. aureus, in the presence of 

opsonins, and concluded that individual variation in the phagocytic PMN ability 

varies among animals (Paape and Shultze, 1978; Williams and Bunch, 1981). This 

observation formed the basis of a study of bulls of different ages performed by 

Williams et al. (1984) to assess if variation in PMN activity could be detected in 

adult Friesian bulls. If variation was identified among bulls, this could then have the 

potential to be incorporated into future selective breeding programmes for increased 

phagocytosis of bacteria by PMN. Williams et al. (1984) concluded that individual 

variation in PMN activity among adult dairy bulls was similar to that reported among 

dairy cows (Williams and Bunch, 1981).
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In the current study, preliminary univaiiate statistical analyses was canied out on 140 

animals from the 2000 cohort sampled at approximately six months of age for the 

assessment of in vitro phagocytosis of FITC-labelled (2.0pM) latex beads by isolated 

PMN. This data set of 140 male and female animals with known genetic background 

sampled at a similar age employed in the current study is unique for cattle, as no 

other literature documenting any similar studies exists. In the current study, the 

percentage total phagocytosis by isolated PMN was assessed at all the time points at 

37°C and 1 hour at 4°C, by univariate procedures in SAS, and subsequently, by more 

complex REML modelling. The individual gates for 0 beads, one bead, two beads 

and greater than two beads were assessed for factors such as the optimal 

transformation of the data, correlation of individual animal responses between time 

points and the correlation of individual animal response at re-sampling 

(approximately tliree months after initial sampling). Overall, the data was positively 

skewed, except for the 0 beads gate which was negatively skewed at the time points 

early in the incubation. The negative skewness of the 0 beads gate early in the 

incubation confirmed the high numbers of cells, generally greater than ninety 

percent, which had not undergone phagocytosis at the early stages of the incubation. 

As the isolated PMN reached maximal phagocytosis the data generally reduced in 

skewness and was found in most of the gates to be normally distributed. Due to the 

variation in optimal transformation that would have been required at each of the time 

points for the different gates, and as the data was generally normally distributed at 

maximal phagocytosis, no transformation of the data was undertaken prior to further 

statistical analyses.

A study by Guidry et ah (1974), assessed within animal repeatability at several time 

points over a 48 hour period and concluded that within animal repeatability was 

excellent under identical physiological conditions, however, within animal variation 

was seen during periods when physiological changes such as parturition were 

occurring. Other studies indicated considerable between assay variability in PMN 

function in the same individuals over time (Paape and Miller 1988). However, Paape 

and Miller (1988) concluded that despite this variation, relevant data regarding 

individual variation among animals in PMN functional ability could still be obtained 

if the time scale between sampling remained relatively short. In the current study,
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correlation of individual animal responses between time points for the percentage 

total phagocytosis were high, with significantly positive correlations also observed 

for the 0, beads, 1 bead, 2 beads and greater than 2 beads gate. This significant 

correlation of individual animal responses between time points indicated that 

individuals with relatively high levels of percentage total phagocytosis of FITC- 

labelled latex beads at one time point remained at a high level within the population 

at the subsequent time points dming the incubation, and conversely, animals with 

low levels of PMN phagocytosis early in the incubation period, showed consistently 

low levels of phagocytosis throughout the assay. The correlation of individual 

animal responses at re-sampling (approximately thi’ee months after initial sampling) 

was low when the animals were sampled approximately thi’ee months after the initial 

sampling took place. The correlation of individual animal responses at re-sampling 

(approximately three months after initial sampling) were identified for the total 

phagocytosis at six hours incubation (p<0.1), and significant conelations were also 

found between some individual gates and time points (/?<0.05), but overall the 

correlation was low. This variability identified among individuals in their 

phagocytic ability, which occurred within a relatively short time span, highlights the 

ever changing immune systems in these individual animals due to many influences 

both within the animals, such as, fluctuations in hormone levels and external 

influences such as environmental challenge by pathogens .

One observation which would require further investigation, was the significant 

positive correlation identified between the non-specific arms of the immune system 

assessed in the study. A significant positive correlation was identified between 

PHA-induced PBMC proliferation at pealc proliferation and the percentage total 

phagocytosis at maximal phagocytosis measured. No correlation was observed 

between the specific arm of the immune response, S. aw^eus-mdiiced PBMC 

proliferation, and the PMN phagocytosis at any of the time points measured. This 

apparent dichotomy between the non-specific and specific immune responses 

indicates that different regions of the genome may control non-specific and specific 

immune function.

Residual maximum likelihood analyses were primarily carried out on the complete 

data set, and subsequently on the males and females as separate data sets. Analyses
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of the complete data set identified the consistently significant effect of sex as a fixed 

factor. The significance of sex indicated that males had consistently higher levels of 

in vitro PMN phagocytosis compared to females. When the males and females were 

analysed sepai'ately, no significant factors were identified. Following REML 

analyses, there was no significant effect of sire identified on the levels of PMN 

phagocytosis of FITC-labelled latex beads at any of the time points, however, 

graphical variation was observed among sires at each of the time points with the 

largest variation observed at the six hour time point. The relatively low animal 

numbers in terms of REML analyses and the high levels of between day variability 

of the PMN phagocytosis assay may all contribute to the lack of significance of sire.
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7.3 Summary of significant factors affecting 

immune function
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7.3.1 Age

In the current study the age of the individual was found to be significant factor for in 

vitro PBMC specific proliferation and non-specific proliferation in the animals 

sampled at approximately six months of age. The age of the individual animal was 

shown to influence both the specific and non-specific ‘arms’ of the immune system 

in different ways. An increase in the age of the individual animal was found to result 

in an increase in specific immune function and a decrease in non-specific immune 

function, which were assessed in the cunent study by measuring S. aureus-màuceà 

and PHA-induced in vitro PBMC proliferation, respectively.

Studies have been canied out in many species to examine the long-term effects of 

ageing on immunological function. To date, one of the most universally detectable 

measures of imniunosenescence is the decline in in vitro PBMC proliferative 

response to mitogens in individuals, which has been described in a wide range of 

species from rodents to humans (Greeley et aL, 2001).

In the current study, when the females from the 1998 cohort were sampled over 

subsequent years at 18 and 30 months of age, variation in the mean S. aureus- 

induced and PHA-induced PBMC proliferation was observed among years. There 

was no clear pattern in the vaiiation of the PHA-induced proliferation with age in the 

females: females from the 1998 cohort showed an increase in the PHA-induced 

proliferation from approximately six months of age to thirty months of age, whereas, 

the females from the 1999 cohort showed a reduction in the PHA-induced 

proliferation from approximately six to eighteen months of age. These observed 

variations could be due to a wide variety of factors including environmental factors 

or fluctuations in hormone levels. One explanation for the variation in cohort PHA-
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induced responses could be variation in individual group numbers as there was only 

22 females in the 1998 cohort and approximately 57 in the 1999 cohort. This may 

result in variation in the reported mean response, as only a relatively small number of 

animals with extreme PHA-induced responses would be required to skew the mean 

value in the data, by either increasing or decreasing the mean PHA-induced response. 

Environmental variation could also play a role in the cohort variation as the year of 

birth of the animals has been shown to be a consistent significant factor.

Most understanding of cellular and subcellular changes associated with alterations in 

the immune system related to age has been derived from cross-sectional and 

longitudinal studies (Greeley et al., 2001). Cross-sectional studies have 

predominantly been carried out in rodents and humans (Maldnodan and Kay, 1980; 

Miller, 1999) and to a lesser extent in other species including primates (Coe et aL, 

1992; Bowden et aL, 1994), and dogs (Davila et aL, 1992; Greeley et aL, 1996; 

Kearns et aL, 1999; Strasser et aL, 2000). It has been assumed that the immune 

related changes observed in these cross-sectional studies reflect the changes that 

occur within individuals over time and have been verified by longitudinal studies 

which assessed immunological parameters in mammals with a relatively short life 

span (Boersma et aL, 1985; Miller, 1997; Heller et aL, 1998). In these studies the 

data collected spans from between fifty to eighty five percent of the anticipated life 

span of the subjects. Longitudinal studies in animals with a relatively longer life

span have been limited. Studies examining immune function over an approximate 

four year period, corresponding to approximately five to ten percent of the 

anticipated life span, have been carried out in primates (Bowden et aL, 1994), 

humans (Adler and Nagel, 1981; Wikby et aL, 1998) and cattle (Ayoub and Yang, 

1996). A longitudinal study assessing humans over a ten year span, by Adler and 

Nagel (1981) found no age-related changes in numbers of leucocytes or 

lymphocytes. A study in primates by Gould et aL (1998), demonstrated a significant 

decline in the numbers of lymphocytes from infancy to five years of age, while 

Bowden et aL (1994), looking at a broader age span, identified a marginal decline in 

numbers. A recent study in dogs by Greeley et al. (2001) observed that there was an 

age-related decline in absolute numbers of lymphocytes in both males and females 

from four to eleven years of age. A study by Ayoub and Yang (1996) assessed 

changes in peripheral blood cell numbers and changes in peripheral blood cell
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proportions in terms of lymphocyte subsets in four calves from birth to four years of 

age. Ayoub and Yang (1996) showed variation in the absolute counts of peripheral 

blood lymphocytes among animals, that also altered with age and variation in the 

peripheral blood lymphocyte subsets among animals, that also altered with age. An 

earlier study by Hauser et ah (1986), assessed variation in neutrophil function in 

calves from fom weeks of age to approximately twelve months of age at four 

different time points. Hauser et al. (1986) identified that younger calves had lower 

levels of myeloperoxidase-hydgrogen peroxide-halide activity and lower hydrogen 

peroxidase activity in the youngest group of animals, which indicated decreased 

degranulation of primary granules in young calves. Hauser et al. (1986) also 

observed that younger animals were capable of higher levels of S. aureus 

phagocytosis than older animals. The study by Greeley et al. (2001) assessed a wide 

variety of parameters and identified a shift in the lymphocyte subsets proportions 

with age in all individuals, this being most pronounced in females. Greeley et al. 

(2001) identified a decline in the in vitro proliferative ability of lymphocytes to the 

mitogens PHA and Con A over time, a negative trend in the cytotoxicity in the 

natural killer cell activity, but found no variation in the in vitro percentage of PMN 

able to phagocytose latex beads. One explanation for the lack of variation in the 

PMN phagocytosis could be that the methodology assessed the levels of 

phagocytosis following incubation of the PMN on ice for 60 minutes, which may 

inhibit the phagocytosis completely. Many of the changes observed in the study by 

Greeley et al. (2001) were most significant in the period between four and seven 

years of age with less variation observed in the seven to eleven year’ period.

In the current study, the majority of the animals were assessed within a relatively 

short time span of several months at a relatively young age, even within this short 

time, a significant effect of sample age was identified, highlighting that immune 

function in cattle is continually influenced by a variety of factors.
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7.3.2 Sex

As the complexity of the immune system has become increasingly clear, it is 

apparent that it interacts with other systems, particularly the endocrine and nervous 

systems (Everaus, 1992). A growing body of evidence has accumulated and shown 

that hormones can modulate the immune system (Cohen and Crnic, 1982). One 

hormonal complex which exerts profound influences on the immune system is that of 

the hypothalamic-pituitary-adrenal cortical axis (Gisler, 1974), while significant 

effects on the immune system are also mediated by the sex steroids (Grossman, 

1984). .7

In the current study, the sex of the individual was identified as a significant factor 

affecting all aspects of non-specific and specific immunity which were assessed. 

Variation between the sexes was observed in the in vitro S. aureus-induced, PHA- 

induced and control PBMC proliferation and in the phagocytosis of FITC-labelled 

latex beads by isolated PMN. In all assessments of immune fiinction carried out in 

this study, the males were consistently higher responders than the females. 

Traditionally, sexual dimorphisms in immune function has been identified in many 

species, with females generally exhibiting enhanced immmie responses to antigenic 

challenge than males. However, males have been shown to have enhanced natural 

killer cell activity compared to females (Sorachi et aL, 1993), and in some cases 

males have been shown to exhibit greater levels of cell-mediated immunity 

(Alexander and Stimson, 1988; Brabin and Brabin, 1992). Although social or 

epidemiological mechanisms may account for some of these gender-associated 

differences (Bundy, 1988), hormone-influenced immunological mechanisms, many 

of which have been recreated in laboratory models of disease, would appear to be the 

primary determining factor. Hormones have been shown to alter immunologic 

factors and responses, including antigen expression and presentation, cytokine 

production, and expression of apoptotic factors and cell death (Huber et aL, 1999). 

In mice, the presence of oestrogen receptors on various immune cells has been 

demonstrated, along with identification of the presence of androgen receptors on T 

and B cells (Olsen and Kovacs, 1996). Sex steroid hormones have also been shown 

to influence the immune response in part via the thymus in rodents and the Bursa of
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Fabricus in birds through specific androgen and oestrogen binding sites (Sullivan and 

Wira, 1979; Gaillard and Spinedi, 1998)

Female mice have been shown to have higher titers of immunoglobulins, as well as a 

higher incidence of autoimmune diseases than males (Grossman, 1984). 

Additionally, females have been shown to display higher splenocyte blastogénie 

responses to T and B cell mitogens than males (Ki’zycli et al.  ̂ 1981). Women have 

also been shown to have higher immunoglobulin levels than men, and suffer from a 

higher incidence of autoimmune diseases such as erythematosus (Sakans et al., 1978) 

and rhemnatoid arthritis compai'ed with men (Gaillard and Spinedi, 1998). Helminth 

infections are generally more severe in male than in female vertebrate hosts (Poulin, 

1996) and males of species such as sheep, deer or moorhens often have higher 

parasite loads than females (Zuk and McKean, 1996; Stear et al., 1995; Eens et al.,

2000). However, some studies have identified males with better immunological 

functional ability than females. A study by Mitchell (1999) assessed antibody and 

cell-mediated immune response to rubella re-immunisation in humans and identified 

significantly higher antibody and lymphocyte proliferative responses in males at two 

and four weeks post-immunisation. Overall, Mitchell (1999) concluded that there 

were kinetic differences between males and females in the recall response of both B 

and T cells to the rubella antigen, which suggested hormonal influences on the 

immime response to rubella virus. Another study, which looked at sex-determined 

resistance to Toxoplasma gondii infection in mice by Roberts et al. (1995), identified 

a dramatic difference in susceptibility and resistance to infection between males and 

females. The females were identified as being significantly more susceptible to 

infection than the males with higher and more rapid levels of mortality. The males 

had higher splenocytic lymphocyte stimulation indices and higher levels of cytokine 

production tlu'oughout the study than females. Roberts et al. (1995) observed that 

females had complete suppression of their splenocytic lymphocyte proliferative 

ability on day 15 post-infection in conjunction with low levels of cytokines when 

compared to males. Roberts et al. (1995) concluded that there were clear differences 

in the kinetics and magnitude of T cell responses and in the production of the 

cytokines TNF a, IFN y and IL-10 between the sexes. A study by Bilbo and Nelson 

(2001) assessed the influence of sex steroid hormones in male and female Siberian
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hamsters and concluded that sex steroid hormones enhanced inununity in both males 

and females, however, a sexual dimorphism was evident following a direct mitogen 

challenge, in which LPS significantly decreased cell-mediated immunity in males but 

not in females.

Although oestrogens and androgens have been reported to be both irmnunoinhibitory 

and immunostimulatory, they have been shown to be mainly suppressers of cell- 

mediated immunity. It may be possible, however, that the oestrogens and androgens 

suppress different subsets of lymphocytes and it may be plausible to suggest that the 

oestrogen to androgen ratio may determine whether the hormones will be 

immunostimulatory or immunoinhibitory (Grossman, 1985).

Other hormonal factors could also influence variation in immune function in the 

animals in the current study. Growth hormone and prolactin have been shown to 

have a stimulatory effect on the immune system at many levels (Weigent and 

Blalock, 1990; Kelley et aL, 1992, 1994). A study by Wise and Klindt (1995) 

assessed changes in thymic weight and endocrine relationships in male and female 

cattle at four, six, ten, twelve and fourteen months of age. This study observed 

significant increases in growth hormone and thymosin p4 up to six months of age 

and increases of prolactin up to ten months of age. Levels of pre-pubertal 

testosterone increased up to between ten and twelve months of age in both males and 

females, however, the concentration of testosterone in males was up to a 100-fold 

greater than that of females. The results of this study by Wise and Klindt (1995) 

highlight the complexity of the cause and effect relationships that exist between 

gonadal and thymic function.

In the current study, although the males and females were sampled at approximately 

the same age variation in hormone levels, both between the sexes, and within the 

sexes were likely and would have possibly had an effect on immune frinction. As 

within the sexes, variation in factors such as body weight and size were observed, 

which may have indicated variations in hormone levels among animals of a similar 

age.
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7.3.3 Environment

Environmental factors such as season, stress associated factors and housing 

conditions can all effect immune function. Previous studies in Siberian hamsters 

looking at the effect of photoperiod on immune cell function in males (Yellon et ah, 

1999; Drazen et aL, 2000), and females (unpublished observation Bilbo and Nelson,

2001), found decreased cell-mediated and humoral immune function during 

simulated winter conditions in the laboratory. A study by Stefanski (2001) assessed 

the effect of social and rearing conditions prior to weaning on the proportions post 

weaning of peripheral blood immune cells in male offspring of Long-Evans rats. 

This study found that male offspring from females housed in a mixed sex colony had 

significantly higher numbers of CD4^ and CD8^ T cells than males from females 

housed in breeding pairs. No significant variation was observed in the numbers of B 

cells and natural killer cells or in the proliferative response to Con A between the two 

groups. Stefanski (2001) concluded that the early social environment of these male 

rats could effect the numbers and proportions of many peripheral blood cell subsets 

in later life. In the current study, the male and female calves were reared under 

completely separate management regimes. The females were housed indoors and fed 

artificial milk replacer almost immediately after birth, whereas, the male calves were 

allowed to remain with their mothers on pastme until they were weaned before 

winter housing at approximately six months of age. This would result in exposure to 

different pathogens e.g. respiratory and enteric viruses would be more common in 

calves housed indoors, whereas, parasite challenge, especially with nematodes would 

only occur in calves with access to grazing. These completely different management 

regimes could potentially have a huge influence on the immune responses of the 

males and females and may also influence the proportions of the peripheral blood 

cell subsets. The assessment of the proportions of peripheral blood cell subsets in the 

male and female calves was outwith the scope of this project, however, due to the 

significant variation identified between the sexes, such an investigation would be an 

essential aspect of future work.

Psychological stress may also influence immune function. Overall, the effects of 

stress are very complex and may suppress or activate various immune cells (Dantzer
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and Mormede, 1995). Depending on the immune variables assessed, some immune 

functions may be enlianced while others are suppressed in animals or human subjects 

subjected to environmental stressors (Maes et ah, 1999). Maes et aL (1999) assessed 

the psychological stress on leucocyte subset distribution in a group of male and 

female students in relation to examination stress. The study identified an increase in 

the numbers of neutrophils, monocytes, CD8\ CD2^CD26^ and CD2  ̂HLADR^ T 

cells and CD 19  ̂B cells and significant reductions in the CD4VCD8"  ̂T cell ratio in 

stressed pupils. Maes et aL (1999) concluded that academic stressors are sufficient 

to promote T cell activation and B cell proliferation and increase the numbers of 

circulating leucocytes and neutrophils. One explanation for this alteration in immune 

cells numbers and proportions may be that there is a stress-induced production of 

pro-inflammatory cytokines such as IL-6, TNF a  and IFN y, which stimulate certain 

populations of immune cells. Another study in hmnans by Maes et aL (1990) 

showed variation in immune cell proportions and function in conjunction with an up- 

regulation of IL-2 receptors in patients diagnosed with major depression. The most 

consistently observed changes in peripheral cell populations during depression are: a 

reduced mitogen-induced lymphocyte blastogenesis (Schleifer et aL, 1984), an 

increased CD4%D8^ ratio (Irwin, 1988) and reduced natural killer cell activity 

(jTSNvaetaL, 1990).

In livestock the stresses of weaning and transportation on both the physiological and 

behavioural function of the animal have been well documented. In cattle, the most 

important disease associated with transportation is shipping fever which lowers the 

animals’ resistance to infection (Grandin, 2000). A study by McKenzie et aL (1997) 

showed that the humoral immune system in calves was affected by both weaning and 

transportation. Murata (1995) showed that serum collected from animals 48 hours 

after transportation had an immunosuppressive effect on PMN function, resulting in 

a decrease in their bactericidal ability. A study by Tarrant et al. (1992) also showed 

an alteration in the immune systems of cattle after long journeys. This author 

observed an increase in white blood cell count and neutrophil numbers and a 

reduction in the numbers of lymphocytes and eosinophils.
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Physiological stressors, such as nutrient deficiency, can also lead to impaired 

immune function. Vitamin E is essential for body functions such as growth, 

reproduction, prevention of various diseases and for integrity of tissues (McDowell 

et a i, 1996). Vitamin E and selenium may play an essential role in the protection of 

leucocytes and macrophages from toxic compounds during phagocytosis (Badwey 

and Karnovsky, 1980). In a number of mammalian species, selenium deficiency has 

been associated with decreased immune system function. Decreased glutathione 

peroxidase activity in phagocytic cells has been reported in selenium deficient heifers 

(Boyne and Arthui', 1979). In bovine neutrophils, the bacterial capacity for Candida 

albicans and S. aureus is lowered in selenium-deficient cattle (Gyang et aL, 1984). 

Mastitis incidence has also been shown to be related to vitamin E and selenium status 

of dairy herds (McDowell et aL, 1996). Weiss et aL (1990) surveyed dairy herds and 

observed a negative correlation between dietary vitamin E intake and rates of clinical 

mastitis. Another essential requirement for efficient growth and immune function is 

clu'omium. In human nutrition clu’omimn has been recognised as a trace element, 

required for normal metabolism of carbohydrates, proteins and lipids and as an active 

component of glucose tolerance factor (Mertz, 1992). Several reports have 

documented performance and health augmented effects of supplemental dietary 

organic chromium in domestic animals (Mowat, 1997). Dietary chromium 

supplementation has been shown to increase the proliferation of PBMC in vitro with 

or without Con A stimulation, in both beef calves (Chang et aL, 1994) and 

periparturient dairy cows (Burton et aL, 1993). A study by Chang et aL (1996) 

assessed the effects of chromium on health status and various immune cell Einctions 

including blood neutrophil phagocytosis in dairy cows. This study concluded that 

supplemental chiomium had no effect on the neutrophil phagocytic function in cows 

from six weeks prepartum to six weeks postpartum and no overall benefit on health 

status and mastitis-related parameters in dairy cows, however, supplemental 

clu'omium did have an effect on lymphocyte proliferation which may be associated 

with the actions of insulin or cortisol.
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7.3.4 Breed/Cross

The immune system is affected by both environmental and genetic factors (Nguyen, 

1984). Genetic control of the immune system has been studied extensively using 

inbred species of animals, such as mice, rats and guinea pigs (Newman et aL, 1996). 

Effects mediated through genes and/or cell surface expressed products of the MHC 

or other genes have been documented using experimental immunisations or 

infections with different types of pathogen (Benacceraf and Germain, 1978). In 

mice, strain variation resulting in resistance or susceptibility to disease has been well 

documented. In autoinunune diseases, the New Zealand Black strain of mice have 

been shown to be susceptible to spontaneous development of systemic lupus 

erythematosus (Klein and Horejski, 1997). Strain variation had also been shown in 

mice in their resistance to parasite challenge, as inbred strains of mice have been 

shown to differ in their ability to expel intestinal nematodes. This variability was 

linlced to the activity of their Th cell subsets, shown by a consistent predisposition to 

infection in outbred mice reinfected with Trichuris trichiura (Tizard, 2000). Another 

study in mice by Wakelin et aL (1993) looked at resistant and susceptible strains of 

inbred mice following infection with Eimeria vermiformis. Wakelin et aL (1993) 

identified a kinetic difference in their ability to mount protective Th cell subset 

responses, in paidicular variation in the cytokine levels and kinetics between the 

strains. In this study no evidence was found for Th2-mediated interference with the 

ability of the two strains to release IFN y.

Breed differences in immune response to different antigens resulting in resistance or 

susceptibility to disease have been reported for many diseases such as respiratory 

disease in chickens (Ewbanlc et aL, 1999), caprine arthritis-encephalitis virus- 

induced arthritis (Ruff and Lazary, 1988) and scrapie in sheep (Millot et aL, 1985,

1988). In sheep breeds such as the Cheviot, Shetland and Swaledale, thi'ce different 

sites on the PrP gene have been linlced to resistance or susceptibility to scrapie, 

whereas in Suffolk sheep, only one site on the PrP gene has been identified in 

association with resistance or susceptibility to scrapie (Hosie, 1997). The same 

genotypes have been linlced to resistance or susceptibility to naturally occurring 

scrapie in different breeds of sheep. Studies have shown that the AA136, RR154,
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QQi7i genotype has been associated with resistance in Cheviots (Hunter et aL, 1996), 

but also with susceptibility in Suffolks (Westaway et aL, 1994).

At present little reseaich has been done to evaluate the immune response to similar 

antigens among different breeds of cattle. A study by Blecha et aL (1984) reported
'

that Brahman cross Angus cattle and pui’e bred Angus cattle had different 

immunological responses to shipping stress. Muggli et aL (1987) reported that 

Angus calves had higher mean IgGi concentrations at 24-48 hours of age than 

Hereford or Red Poll calves. Research in dairy cattle (Shultz et aL, 1971) 

demonstrated that Brown Swiss calves developed a greater number of antibody 

plaque-forming cells to chicken red blood cells than Holstein-Friesian, Ayrshire or 

Guernsey calves. A recent study by Engle et aL (1999) assessed the effect on 

inunune function and response to challenge with infectious bovine rhinotracheitis 

virus in Angus and Simmental calves. Engle et al. (1999) identified higher rectal 

temperatures, higher total Ig and IgM titres against pig red blood cells and higher 

cell-mediated immune response to PH A in Angus calves compared to Simmental 

calves. A study by Losson et al. (1999) assessed Psoroptes ovis infestation in 

traditionally resistant Holstein-Friesian and susceptible Belgian White and Blue 

cattle. Losson et al. (1999) assessed various immune parameters including serology 

and lymphocyte proliferation. This study identified that there was a positive 

correlation between antibody titre and the extent of the lesions and that the antibody 

response was associated with a marked in vitro lymphocyte proliferation. Losson et 

al. (1999) concluded that there was no significant difference between susceptible and 

resistant cattle in the immunological parameters assessed in the study and that a 

combination of immunological and non-immunological factors may be responsible 

for this previously documented breed related susceptibility or resistance to P. ovis 

infection (Meleney and Fisher, 1979; Fisher and Wright, 1981; Pouplard et aL,

1990). Studies in cattle have also identified variation in resistance to trypanosomosis 

among Bos indicus cattle breeds (Mwangi et aL, 1998). Studies comparing 

trypanotolerant breeds such as N’Dama and West African Shorthorn cattle with 

breeds Icnown to be more susceptible have shown that trypanotolerance is associated 

with the ability of the host to resist the development of anaemia and control 

parasitaemia once infected (Dargie et aL, 1979; Murray et aL, 1979, 1982; Akol et 

aL, 1986; Paling et aL, 1991).
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In the cuiTent study significant differences among breed crosses were identified for S. 

aureus-mducQd and PHA-induced in vitro PBMC proliferation on several of the days 

of culture. These differences indicated that up to and including day four of culture, 

Holstein Friesian backcross animals had greater S. aureus-induced PBMC 

proliferation than Charolais backcross animals, and that Chai'olais backcross animals 

had greater pealc PFIA-induced PBMC proliferation than Holstein-Friesian backcross 

animals. One hypothesis that may explain this breed related difference in immune 

function may be that traditionally, beef and dairy cattle have been selected for 

different purposes.

In broad terms, the breeding goal of most livestock producers is to increase the 

profitability of their animals (Simm 1998). Genetic improvement of disease 

resistance is a relatively slow process, however, genetic improvement may reduce 

costs incurred in isolation, treatment and culling of diseased animals (Shook, 1989). 

Replacement of a diseased animal incurs a lai'ge cost and is considered as the last 

resort, therefore, genetic improvement must be cost effective in compaiison to other 

methods if it is to form part of a disease control strategy. Traditionally dairy cattle 

have been selected for traits such as milk production, milk quality, conformational 

type traits such as statui'e, foot angle, teat length and more recently traits associated 

with disease susceptibility, reproduction, feed intake, live weight and body score. 

The relatively recent incorporation of these additional conformational and disease 

associated traits takes into account longevity of the animals rather than just 

productivity (Simm, 1998). In contrast, beef cattle have traditionally been produced 

for production traits such as growth rate, carcass composition, calving ease and feed 

conversion ratio. This vaiiation in traits for selection between beef and dairy cattle 

may account for the variability in breed cross identified in the current study between 

Holstein backcross and Charolais backcross animals. In the current study the 

predominantly Holstein animals have greater specific immune responses as measured 

by S. aureus-inducQd cell proliferation than the predominantly Charolais animals. It 

may be hypothesised that the Holstein backcross animals have better specific 

immunity because they have been traditionally developed to have longer lifespans 

and have the ability to resist pathogenic challenge by mastitis-causing pathogens 

including S. aureus. In contrast, the Charolais backcross animals may have better
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non-specific immunity as they have been traditionally developed to have relatively 

short life spans with rapid growth rates, which may require alternative immune 

responses to prevent the establishment of infection, as established infections 

requiring a specific immune response may be have detrimental effects on factors 

such as growth rate.

The significance of sire in the cuiTent study in both non-specific and specific 

immunity indicates that immune function is under genetic influence.
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7.4 Future

The current study focused on assessing various aspects of immune function in over 

300 male and female genetically defined Holstein-Friesian cross Charolais calves 

from approximately six months of age. The immune system is very complex and 

involves a wide variety of functional immune responses rather than simply 

lymphocyte proliferation and neutrophils phagocytosis, thus, additional functional 

assays would be employed in future projects.

Further development of the in vitro PBMC proliferation may involve the assessment 

of stimulation by other specific bacterial/mastitis pathogens such as E. coli or S. 

uberis or the assessment of T-cell epitopes specific for the S. aureus NCTC 13047 

strain used in the current study. T cell epitopes to foot and mouth disease virus have 

been previously identified by peptide scanning of cattle immunised with whole-virus 

vaccine (Collen et aL, 1991; van Lierop et aL, 1994), with a further study identifying 

selection of these epitopes linlced to MHC class I and Class II haplotype (Glass et aL,

1991). The identification of T cell epitopes for the S. aureus NCTC 13047 would 

enhance the specificity of the current assay. Additional development of the assay 

may also involve measui'ement of cytokine production induced by both specific and 

non-specific antigenic stimuli as an alternative to, or in conjunction with, 

measurement of cell proliferation. Levels of cytokine production could be detected 

by ELISA, ELISPOT or cytokine messenger RNA could be detected by reverse- 

transcription PCR (Czerkinsky et aL, 1988; Favre et aL, 1997). Development of 

future assays involving cytokines could initially target cytokines traditionally 

associated with the Thi, TI12 par adigm.

Alternatively, assessment of in vitro PBMC proliferation could be carried out by 

flow cytometry to minimise the use of radioactivity. Lymphocyte proliferation has 

been shown to be measurable by PKH2 fluorescent cell tracking dye, which is 

incorporated into the membrane of living cells. Proliferating cells may be identified 

by a reduction in fluorescence intensity relative to cells that have not undergone cell 

division (Horan et aL, 1990; Samlowski et aL, 1991). Additionally, the phenotype
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and activation marker expression of the PKH2-labelled proliferating lymphocytes 

could be identified using lymphocyte subset specific monoclonal antibodies and 

dual-coloiu' flow cytometry (Shapiro, 1998; Quade and Roth, 1999). Fuidher options 

to develop the in vitro PBMC proliferation would be to use a whole blood method for 

assessment of PBMC proliferation rather than an isolated population, which may 

give a better indication of the in vivo function of these immune cells.

To continue development of the in vitro PMN phagocytosis by isolated PMN 

population, the initial development may include the Tn-house’ labelling of S. aureus 

NCTC 13047 for use in the optimisation of the phagocytosis of FITC-labelled S. 

aureus by PMN. Phagocytosis of other bacterial pathogens such as E. coli and S. 

uberis could also be assessed. Alternative methods of isolating PMN from blood 

could be attempted to continue to assess the phagocytosis of isolated PMN 

populations. A method using biomagnetic beads coated with a monoclonal antibody 

that recognises an abundant surface antigen on bovine neutrophils has been described 

by Soltys et al. (1999). This type of separation was shown to result in a higher yield 

and purity of PMN, with normal or even improved PMN function in assays of 

chemotaxis, phagocytosis, degranulation and respiratory burst. Further development 

of the whole blood assay for routine use would be an important aspect of future 

studies. The assessment of oxidative burst in combination with levels of 

phagocytosis using dual-colour flow cytometry may also be a useful development. 

This has been described using both isolated PMN populations and PMN from whole 

blood in many species including humans (Hasui et a l, 1989; Perticarari et al., 1994) 

and cattle (Smits et ah, 1997). Hydrogen peroxide is one of the species of reduced 

oxygen that are produced by PMN when they encounter invading pathogens or other 

appropriate stimuli and is considered to be essential for intracellular killing (Babior 

et al., 1975; Rosen and Klebanoff, 1979). A previous study by Smits et al. (1997) 

identified significant differences in the PMN from whole blood samples from ten 

cows in their ability to phagocytose S. aureus and to produce reactive oxygen 

intermediates.

During the current study the females for the 1999 cohort were ranked for S. aureus- 

induced and PHA-induced in vitro PBMC proliferation and the MHC RFLP pattern 

obtained was studied in order to determine any association with MHC RFLP pattern
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and specific or non-specific immunity. This highlighted possible links between 

specific and non-specific immunity and MHC RFLP pattern. Future work would be 

required to clarify any such linlc and further investigation would be essential in order 

to identify any genetic regions associated with specific and non-specific immunity in 

cattle. The identification of these regions may have significant implications on 

future breeding programmes and the identification of quantitative trait loci.

Two main strategies have been described to ‘move’ from the identification of linlced 

markers to the genes responsible, they are positional cloning and the positional 

candidate gene approach (Collins, 1995). The positional candidate gene approach 

has been shown to be successful in the cloning of human disease genes and is likely 

to be similarly effeetive in livestock (Clark, 1998). The identification of the 

ryanidine receptor gene (RYRl) as a gene responsible for malignant hyperthermia in 

pigs confirms that this strategy may be useful in livestock (Fujii et aL, 1991). It 

remains to be seen if similar methods may be useful in designing improved breeding 

programmes for commercial cattle.
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WCCF white cell counting fluid
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NUMBER DATE OF BIRTH SEX SIRE DAM SAMPLE DATE
14456 * M R02 13468 07/12/1998
14475 28/05/1998 F R12 13543 30/11/1998
14480 20/06/1998 M R15 13498 18/01/1999
14501 31/03/1998 M R19 13743R42 11/01/1999
14502 31/03/1998 M R15 13709R17 07/12/1998
14504 02/04/1998 F R19 13706R13 16/11/1998
14505 03/04/1998 M RU 13705R10 07/12/1998
14507 04/04/1998 F CH158 13716R26 18/01/1999
14508 06/04/1998 M R19 13732R43 11/01/1999
14509 09/04/1998 M CH200 13715R25 11/01/1999
14510 09/04/1998 F R U 13600 18/01/1999
14511 09/04/1998 M CH158 13728R38 07/12/1998
14512 09/04/1998 F CH 158 13702R04 16/11/1998
14513 10/04/1998 M CH200 13720R30 11/01/1999
14514 12/04/1998 F ROI 13735R46 18/01/1999
14515 13/04/1998 F CH158 13714R24 02/11/1998
14516 18/04/1998 M CH200 13745R55 11/01/1999
14517 19/04/1998 M RU 13746R56 23/11/1998
14518 23/04/1998 M R21 13750R60 23/11/1998
14519 23/04/1998 M ROI 13712R22 23/11/1998
14520 24/04/1998 F R12 13703R07 16/11/1998
14521 24/04/1998 M R05 13713R23 14/12/1998
14522 24/04/1998 F RU 13755R65 16/11/1998
14523 26/04/1998 F R02 13756R66 30/11/1998
14524 26/04/1998 M R02 13717R27 14/12/1998
14525 27/04/1998 M R19 13736R47 09/11/1998
14526 27/04/1998 F RU 13725R35 18/01/1999
14527 27/04/1998 M R15 13742R54 11/01/1999
14528 27/04/1998 M R21 13704R09 11/01/1999
14529 27/04/1998 F R15 13727R37 16/11/1998
14530 27/04/1998 M RU 13741R53 11/01/1999
14532 28/04/1998 F ROI 13738R50 16/11/1998
14533 29/04/1998 M CH 108 13744R48 07/12/1998
14534 29/04/1998 M R19 13724R34 09/11/1998
14535 30/04/1998 F CH200 13759R69 18/01/1999
14536 01/05/1998 M R15 13721R31 14/12/1998
14537 01/05/1998 M R05 13731R41 23/11/1998
14538 02/05/1998 M R21 13708R16 23/11/1998
14539 03/05/1998 M R15 13734R45 07/12/1998
14540 03/04/1998 F ROI 13752R62 18/01/1999
14541 03/05/1998 M R19 13599 09/11/1998
14542 05/05/1998 F ROI 13568 18/01/1999
14543 22/05/1998 M R05 13747R57 09/11/1998
14544 14/05/1998 M * 13465 14/12/1998
14545 13/05/1998 F R21 13733R44 30/11/1998
14546 13/05/1998 F RU 13701R03 02/11/1998
14547 21/05/1998 F THEBOYS 13541 02/11/1998
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14548 28/05/1998 F R02 13718R28 02/11/1998
14549 26/05/1998 M R12 13710R18 14/12/1998
14550 28/05/1998 F R12 13757R67 30/11/1998
14611 31/05/1998 M R02 13753R63 14/12/1998
14612 01/06/1998 F R19 12157 30/11/1998
14613 02/06/1998 M R05 13726R36 09/11/1998
14614 06/06/1998 M R05 13737R49 23/11/1998
14615 10/06/1998 F R05 13729R39 30/11/1998
14616 20/06/1998 M R02 13758R68 09/11/1998
14617 01/07/1998 M R19 13557 02/11/1998
14618 03/07/1998 M R05 11998 18/01/1999
14804 28/03/1999 F R21 13577 25/10/1999
14805 28/03/1999 M R19 13839 R86 01/11/1999
14807 30/03/1999 M R21 13691 R135 01/11/1999
14808 30/03/1999 F ROI 13856 R105 18/10/1999
14809 31/03/1999 M R02 13692 R137 01/11/1999
14810 31/03/1999 M CH 108 13828 R77 08/11/1999
14811 31/03/1999 F R02 13847 R96 18/10/1999
14812 01/04/1999 M R19 13690 R 133 08/11/1999
14813 01/04/1999 M CH 108 13754 R 64 01/11/1999
14814 01/04/1999 F CH108 13681R136 25/10/1999
14815 01/04/1999 F R02 13186 18/10/1999
14816 02/04/1999 F CH 108 13858R107 18/10/1999
14817 01/04/1999 M CH219 13840 R89 01/11/1999
14818 01/04/1999 M CH219 13840 R89 08/11/1999
14819 01/04/1999 F CH158 13831 R80 18/10/1999
14820 01/04/1999 F R21 13826 R75 18/10/1999
14821 02/04/1999 M ROI 13735 R46 15/11/1999
14822 02/04/1999 M R21 13848 R97 08/11/1999
14823 02/04/1999 M R21 13442 01/11/1999
14824 03/04/1999 M R21 13844 R93 01/11/1999
14826 05/04/1999 F CH108 13744 R48 25/10/1999
14827 05/04/1999 M R12 13836 R87 08/11/1999
14828 05/04/1999 M R12 13846 R95 22/11/1999
14829 05/04/1999 F R02 13652 25/10/1999
14830 03/04/1999 M CH158 13823 R72 08/11/1999
14831 03/04/1999 M ROI 13696 R141 22/11/1999
14832 03/04/1999 M CH 108 13698 R143 08/11/1999
14833 03/04/1999 M R12 13863 R112 08/11/1999
14834 03/04/1999 F R05 13731 R41 18/10/1999
14835 04/04/1999 F R15 13825 R74 18/10/1999
14836 04/04/1999 M ROI 13678 R I24 15/11/1999
14837 04/04/1999 M CH200 13694 R139 15/11/1999
14838 04/04/1999 F R15 13851 R I00 18/10/1999
14839 04/04/1999 M CH158 13716 R26 01/11/1999
14840 04/04/1999 M R02 13657 08/11/1999
14841 04/04/1999 F CH200 13715 R25 18/10/1999
14842 04/04/1999 M R21 13153 08/11/1999
14843 04/04/1999 F R15 13709R17 11/10/1999
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14844 05/04/1999 M CH158 13679 R127 01/11/1999
14845 05/04/1999 M CH219 13688 R131 08/11/1999
14846 05/04/1999 F R02 13827 R76 25/10/1999
14848 06/04/1999 M R21 13708 R16 08/11/1999
14849 06/04/1999 M R15 13860 R109 01/11/1999
14850 07/04/1999 M R ll 13755 R65 01/11/1999
14851 07/04/1999 F CH108 13854 R103 25/10/1999
14852 08/04/1999 F R05 13857 R106 18/10/1999
14853 08/04/1999 M R21 13750 R60 01/11/1999
14854 08/04/1999 M R12 13581 25/10/1999
14855 08/04/1999 M R15 13583 25/10/1999
14856 08/04/1999 F R19 13544 25/10/1999
14857 08/04/1999 M R19 13706 R13 01/11/1999
14858 09/04/1999 M CH158 13674 R I 19 08/11/1999
14859 09/04/1999 F CH200 13720 R30 11/10/1999
14860 10/04/1999 F R19 13609 18/10/1999
14861 * * * * 18/10/1999
14862 12/04/1999 M R02 13682 R I20 22/11/1999
14863 11/04/1999 F CH200 13759 R69 18/10/1999
14864 11/04/1999 M R02 13714 R24 01/11/1999
14865 10/04/1999 M CH158 13707 R14 22/11/1999
14866 12/04/1999 M CH108 13845 R94 01/11/1999
14867 12/04/1999 M CH219 13680 R134 08/11/1999
14868 14/04/1999 M CH 108 13850 R99 01/11/1999
14869 14/04/1999 F CH200 13855 R104 11/10/1999
14870 14/04/1999 M R19 13132 25/10/1999
14873 ^  18/04/1999 F R12 13683 R125 11/10/1999
14874 23/04/1999 F R19 13499 25/10/1999
14875 23/04/1999 F R05 13697 R I42 11/10/1999
14876 23/04/1999 F R15 13838 R85 25/10/1999
14877 24/04/1999 F R15 13064 25/10/1999
14878 24/04/1999 F R15 13064 25/10/1999
14879 26/04/1999 F ROI 13502 11/10/1999
14880 28/04/1999 F CH219 13582 RlOl 25/10/1999
14881 29/04/1999 M R ll 13741 R53 22/11/1999
14882 29/04/1999 F R05 13722 R32 11/10/1999
14883 30/04/1999 F R21 13597 25/10/1999
14884 29/04/1999 F CH158 13835 R84 25/10/1999
14885 29/04/1999 M R19 13837 R88 15/11/1999
14888 04/05/1999 M R12 13699 R144 15/11/1999
14889 06/05/1999 M R05 13721 R31 15/11/1999
14890 06/05/1999 F R19 13724 R34 25/10/1999
14891 06/05/1999 F R15 13748 R58 11/10/1999
14892 06/05/1999 M R19 13865 R114 08/11/1999
14893 06/05/1999 M CH108 13751 R61 22/11/1999
14894 06/05/1999 M R21 13733 R44 22/11/1999
14896 08/05/1999 M CH219 13685 R128 22/11/1999
14897 10/05/1999 F R ll 11445 11/10/1999
14898 18/05/1999 F R21 13651 11/10/1999
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14899 18/05/1999 F R21 13651 25/10/1999
14900 20/05/1999 F R12 13447 11/10/1999
14901 22/05/1999 F R12 13710 R18 11/10/1999
14904 24/05/1999 M R ll 13824 R73 15/11/1999
14905 24/05/1999 F R15 13532 04/10/1999
14906 24/05/1999 F ROI 13582 22/11/1999
14907 26/05/1999 M R19 13598 15/11/1999
14908 27/05/1999 M R19 13743 R42 15/11/1999
14909 27/05/1999 F CH200 13829 R78 04/10/1999
14910 29/05/1999 F CH200 13676 R122 04/10/1999
14911 29/05/1999 F R19 13736 R47 04/10/1999
14912 30/05/1999 M R ll 13746 R56 15/11/1999
14913 01/06/1999 F R15 13608 04/10/1999
14914 02/06/1999 M R19 13579 22/11/1999
14915 03/06/1999 F R15 13593 04/10/1999
14916 04/06/1999 F CH200 13745 R55 22/11/1999
14917 04/06/1999 F CH219/R19 13864 RI 13 22/11/1999
14918 10/06/1999 M R02 13601 04/10/1999
14919 14/06/1999 M R12 11900 04/10/1999
14920 15/06/1999 M R05 13615 22/11/1999
14921 14/06/1999 F R19 13705 RIO 04/10/1999
14922 15/06/1999 F R19 13726 R36 22/11/1999
14923 16/06/1999 M R19 13753 R63 15/11/1999
14924 17/06/1999 M R19 13712 R22 15/11/1999
14925 17/06/1999 M R19 13675 R121 15/11/1999
14927 19/06/1999 F R19 13713 R23 04/10/1999
14928 20/06/1999 M R19 13747 R57 15/11/1999
14929 20/06/1999 M ROI 13633 04/10/1999
14930 22/06/1999 M R19 13734 R45 15/11/1999
14931 22/06/1999 M R19 13702 R04 15/11/1999
14932 23/06/1999 F ROI 13752 R62 22/11/1999
14933 23/06/1999 F R19 13758 R68 04/10/1999
14935 04/07/1999 M R19 13737 R49 29/11/1999
15001 22/03/2000 F R21 13848 R97 11/09/2000
15002 24/03/2000 M R ll 13853 R102 06/11/2000
15003 24/03/2000 M R21 13754 R64 31/10/2000
15004 23/03/2000 M R ll 13840 R89 31/10/2000
15005 24/03/2000 M R12 13683 R125 13/11/2000
15006 24/03/2000 F R21 13480 11/09/2000
15007 24/03/2000 M R21 13733 R44 31/10/2000
15008 26/03/2000 M R21 13673 RI 18 06/11/2000
15009 27/03/2000 F R ll 13701 R03 04/09/2000
15010 27/03/2000 F R ll 13755 R65 11/09/2000
15011 27/03/2000 F R05 13697 R142 11/09/2000
15012 27/03/2000 F R05 13697 R142 11/09/2000
15013 28/03/2000 M R21 13863 R112 31/10/2000
15014 28/03/2000 M R ll 13693 R138 06/11/2000
15015 28/03/2000 F R02 13827 R76 16/10/2000
15016 28/03/2000 F R05 13647 11/09/2000
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15019 29/03/2000 M R05 13543 11/09/2000
15020 29/03/2000 F R05 13543 02/10/2000
15021 29/03/2000 F R05 13565 11/09/2000
15022 29/03/2000 F R21 13704 R09 13/11/2000
15023 29/03/2000 M CH 158 13831 R80 31/10/2000
15024 29/03/2000 M 13773R08 13757 R67 13/11/2000
15025 29/03/2000 M R02 13718 R28 13/11/2000
15026 29/03/2000 M R02 13847 R96 16/10/2000
15027 29/03/2000 F R02 13756 R66 11/09/2000
15028 30/03/2000 F R15 13517 16/10/2000
15029 30/03/2000 F R02 13597 16/10/2000
15030 29/03/2000 F R21 13844 R93 31/10/2000
15031 29/03/2000 M ROI 13698R143 13/11/2000
15032 31/03/2000 M R02 13577 02/10/2000
15033 31/03/2000 F CH200 13855 R104 02/10/2000
15034 31/03/2000 F CH 108 13689 R132 11/09/2000
15035 31/03/2000 F R21 13740 R52 31/10/2000
15036 31/03/2000 M ROI 13821 R70 11/09/2000
15037 31/03/2000 F R05 13684 R126 16/10/2000
15038 31/03/2000 F R02 13707 R14 06/11/2000
15039 31/03/2000 M RI 5 13836 R87 13/11/2000
15040 31/03/2000 M R21 13826 R75 13/11/2000
15041 01/04/2000 M R21 13716 R26 02/10/2000
15042 01/04/2000 F R15 13845 R94 31/10/2000
15043 01/04/2000 M ROI 13622 11/09/2000
15044 02/04/2000 F R02 13849 R98 31/10/2000
15045 02/04/2000 M R21 13671 RI 16 11/09/2000
15046 02/04/2000 F R19 13837 R88 06/11/2000
15047 02/04/2000 M ROI 13735 R46 06/11/2000
15049 03/04/2000 M CH219 13833 R82 02/10/2000
15050 24/04/2000 F ROI 13719R29 06/11/2000
15051 04/04/2000 M CH158 13674 RI 19 11/09/2000
15052 04/04/2000 F R19 13455 11/09/2000
15053 04/04/2000 F CH219 13835 R84 13/11/2000
15054 05/04/2000 M R05 13729 R39 06/11/2000
15055 04/04/2000 M CH200 13720 R30 31/10/2000
15056 06/04/2000 M R21 13708 R16 06/11/2000
15057 06/04/2000 M CH158 13728 R38 16/10/2000
15058 07/04/2000 F R15 13748 R58 06/11/2000
15059 07/04/2000 M ROI 13053 31/10/2000
15060 08/04/2000 M CH219 13852 RlOl 11/09/2000
15061 09/04/2000 F ROI 13696 R I41 02/10/2000
15063 10/04/2000 F ROI 13052 02/10/2000
15064 16/04/2000 F R ll 13858 R107 06/11/2000
15065 17/04/2000 M ROI 13738 R50 13/11/2000
15066 18/04/2000 M R15 20210 02/10/2000
15067 18/04/2000 F R15 20223 02/10/2000
15068 18/04/2000 F R19 20215 02/10/2000
15069 18/04/2000 F R05 13722 R32 04/09/2000
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15072 24/04/2000 F CH108 13744 R48 31/10/2000
15073 21/04/2000 M ROI 12281 04/09/2000
15074 21/04/2000 F R12 11445 04/09/2000
15075 22/04/2000 F R19 20227 04/09/2000
15076 22/04/2000 F R19 20218 06/11/2000
15077 23/04/2000 M R19 20232 31/10/2000
15078 23/04/2000 M R21 13111 06/11/2000
15079 24/04/2000 M RI 5 20229 06/11/2000
15080 24/04/2000 M CH219 13862 RI 11 04/09/2000
15081 25/04/2000 F R02 13677R123 04/09/2000
15082 24/04/2000 F R01/R02 13157 13/11/2000
15083 25/04/2000 M R15 20208 02/10/2000
15085 25/04/2000 F RI 5 20219 02/10/2000
15086 25/04/2000 F CH219 13828 R77 31/10/2000
15087 25/04/2000 M R19 20213 04/09/2000
15088 25/04/2000 F R19 14401 02/10/2000
15089 25/04/2000 F R ll 13509 04/09/2000
15090 26/04/2000 F R19 20234 04/09/2000
15091 26/04/2000 F R12 13626 31/10/2000
15092 26/04/2000 M CH200 13745 R55 06/11/2000
15093 27/04/2000 M R19 20220 04/09/2000
15095 27/04/2000 F R12 13688 R131 31/10/2000
15096 27/04/2000 M ROI 13856 R105 02/10/2000
15097 02/05/2000 F R19 13706R13 04/09/2000
15098 28/04/2000 F R19 13690 R133 23/10/2000
15099 28/04/2000 M R15 20238 16/10/2000
15100 28/04/2000 M R19 13724 R34 04/09/2000
15101 29/04/2000 F R02 13864 RI 13 04/09/2000
15103 29/04/2000 F R19 13681R136 23/10/2000
15104 29/04/2000 M R15 20203 04/09/2000
15105 29/04/2000 F R ll 13824 R73 16/10/2000
15106 30/04/2000 M R15 13709R17 02/10/2000
15108 01/05/2000 F R15 13908 13/11/2000
15109 03/05/2000 M R15 20236 23/10/2000
15110 01/05/2000 M R19 20217 13/11/2000
15111 03/05/2000 M ROI 13186 04/09/2000
15112 08/05/2000 F R15 13838 R85 02/10/2000
15113 10/05/2000 F R19 13468 16/10/2000
15114 12/05/2000 M R15 13758 R68 16/10/2000
15115 11/05/2000 F R ll 13501 09/10/2000
15117 14/05/2000 F R ll 13741R53 09/10/2000
15118 16/05/2000 F R19 13825 R74 09/10/2000
15119 16/05/2000 F R02 13823 R72 23/10/2000
15120 17/05/2000 M R05 13749 R59 16/10/2000
15121 18/05/2000 F R15 14704 16/10/2000
15122 19/05/2000 F R15 13721R31 16/10/2000
15123 19/05/2000 F R05 13726 R36 23/10/2000
15124 19/05/2000 M R21 13691 R135 09/10/2000
15125 19/05/2000 F R21 13714 R24 09/10/2000
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15126 20/05/2000 F R01/R19 13739 R51 09/10/2000
15127 21/05/2000 F R11/R19 13859 R108 23/10/2000
15128 22/05/2000 M R19 13712 R22 09/10/2000
15129 22/05/2000 F ROI 13635 23/10/2000
15130 22/05/2000 M ROI 13546 23/10/2000
15131 23/05/2000 M R11/R19 13746 R56 16/10/2000
15132 23/05/2000 M R15/R19 13866 RI 15 09/10/2000
15133 25/05/2000 F R19 13723 R33 23/10/2000
15134 25/05/2000 M R15/R19 13710 R18 23/10/2000
15135 26/05/2000 M ROl/19 13148 23/10/2000
15136 27/05/2000 M R19 13725 R35 16/10/2000
15137 28/05/2000 M R19 13854 R103 23/10/2000
15139 30/05/2000 M R19 13682 R I20 23/10/2000
15140 01/06/2000 M R15 13685 R128 09/10/2000
15142 04/06/2000 M ROI 13035 09/10/2000
15143 05/06/2000 F R19 13747 R57 09/10/2000
15144 06/06/2000 M R15 13656 09/10/2000
15145 06/06/2000 F R19 13692 R137 23/10/2000
15147 07/06/2000 M R19 13699 R144 23/10/2000
15148 08/06/2000 F R19 13857 R106 09/10/2000
15150 11/06/2000 M R19 13715 R25 09/10/2000
15151 14/06/2000 F R19 13717 R27 09/10/2000
15152 14/06/2000 M R19 13860 R109 23/10/2000
15153 19/06/2000 M ROI 13593 09/10/2000
15154 22/06/2000 F R19 13850 R99 09/10/2000

Appendix A: Basic information about animals used in the study. FI (50:50 Holstein 
Friesian:Charoiais) sires were coded ROl, R02, R05, Rl l ,  R12, R15, R19 and R21, 
and FO (Charolais) sires were coded CHIOS, CHI58, CH200 and CH219. M=Male 
and F=Female. * indicates missing data.
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RANK S. aureus-ïnduced PBMC 

proliferation

PHA-induced PBMC proliferation

Cow Number RFLP Pattern Cow Number RFLP Pattern

1 14804 3\23 14882 1\10

2 14898 24\22 14859 23/8

3 14846 15/23 14869 24/22/7/28

4 14815 16\26 14921 23\10

5 14852 7\10 14820 22\24

6 14835 23\10 14876 22/23

7 14879 24\22 14900 18\23

8 14897 24\1 14922 11\3

9 14826 22/24/16 14910 28\23

10 14878 23\13 14811 23\24

11 14829 23\10 14804 3\23

12 14910 28\23 14890 10\22

13 14915 16/23 14838 10\8

14 14820 22\24 14933 24\11

15 14819 11\22 14856 24\11

16 14911 7\11 14932 26/24

17 14909 23 14879 24\22

18 14933 24\11 14901 11\23

19 14880 10\12 14873 23\1

20 14875 10\3 14815 16\26

21 14860 10\11 14874 18\10

22 14900 18\23 14899 24\22

23 14883 16/3 14819 11\22

24 14869 24/22/7/28 14875 10\3

25 14814 23\28 14917 7\23

26 14890 10\22 14843 23

27 14874 18\10 14911 7\11

28 14863 23 14852 7\10

29 14851 23 14916 23
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30 14838 10\8 14851 23

31 14932 26/24 14841 3\23

32 14873 23\1 14884 12\22

33 14891 23\3 14898 24\22

34 14834 16\7 14905 24\23

35 14856 24\11 14814 23\28

36 14811 23\24 14897 24\1

37 14841 3\23 14808 1\26

38 14927 10\2 14913 28\23

39 14913 28\23 14880 10\12

40 14916 23 14906 3\22

41 14922 11\3 14891 23\3

42 14816 13\23 14829 23\10

43 14882 1\10 14826 22/24/16

44 14901 11\23 14927 10\2

45 14884 12\22 14915 16/23

46 14921 23\10 14835 23\10

47 14861 22\24 14860 10\11

48 14906 3\22 14816 13\23

49 14859 23/8 14909 23

50 14877 23\13 14878 23\13

51 14843 23 14877 23\13

52 14808 1\26 14883 16/3

53 14917 7\23 14861 22\24

54 14876 22/23 14846 15/23

55 14905 24\23 14834 16\7

56 14899 24\22 14863 23

Appendix B: MHC alleles identified by RFLP pattern for females in the 1999 

Cohort.
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