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Abstract 

Transferrin is an evolutionary conserved protein that in addition to having a critical role 

in iron transport also has been shown to have a crucial role in host defence. Transferrin 

has been shown to sequester iron from invading pathogens, act directly against microbial 

pathogens, and is an evolutionary conserved acute phase protein. Recently, cleaved 

transferrin products have been shown to activate both teleost and murine macrophages in 

vitro. The objectives of my thesis were to characterize the presence and regulation of 

cleaved transferrin products to acute inflammation. I used an in vivo model of self-

resolving inflammation in goldfish, coupled with analysis of leucocyte anti-microbial 

analysis responses. Specifically: gene expression, leucocyte influx, respiratory burst, and 

nitric oxide production. I also used protein analysis to evaluate the contributions of 

cleaved transferrin to acute inflammation. I show, for the first time, that cleaved 

transferrin products are produced in vivo during an acute inflammatory response. I 

initially investigated the ability of cleaved transferrin fragments to serve as a broader 

marker of the acute inflammatory response compared to short-lived and low 

concentration cytokines. Cleaved transferrin fragments were produced during pathogen 

induced, but not sterile, inflammation. However there was a large degree of heterogeneity 

in banding patterns within transferrin cleavage products detected by Western blot, and 

there are likely a multitude of cleavage products generated in vivo that were undetected 

with the primary antibody used. I then investigated the potential contributions of 

transferrin cleavage products during acute inflammation in vivo. Macrophages, but not 

neutrophils, potentially contribute to production of transferrin through inducible 

expression of transferrin during inflammation. Pro-inflammatory neutrophils, in contrast, 
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displayed a preferential ability to enzymatically digest transferrin; that was reduced in 

macrophages and late-phase pro-resolving neutrophils. This study adds to a growing body 

or work highlighting the role of transferrin as an immune regulator during acute 

inflammation. Given the significant conservation of this and related molecules, these 

findings have potentially broad implications for host defences and inflammation control 

across evolution. Overall the data presented suggests that cleaved transferrin products 

may play a role during activation events of macrophages in vivo and this mechanism is 

likely conserved throughout evolution.  
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 This thesis is an original work by Michael Trites. The research project, of which 
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Chapter 1: Introduction and Literature Review 

1.1 Introduction 

 Transferrins are molecules that are essential for survival due to their pivotal roles 

in iron metabolism and host defence. Transferrin and transferrin-like molecules are 

highly conserved with the iron-binding properties of transferrin-like molecules being 

demonstrated in all organisms, dating back to marine-algae. Transferrins are also crucial 

for effective host defence in several evolutionary lineages, with current evidence showing 

that transferrin has immunoregulatory functions in animals from arthropods to humans. 

Transferrins have been shown to restrict iron from pathogens, preventing growth and 

proliferation. Transferrins have evolved several direct roles in host defence both by 

regulating host immune responses and acting directly on pathogens. However pathogens 

also participate in this evolutionary arms race, developing several strategies to 

circumvent host manipulation of transferrin for their own benefit. 

 The innate immune system is essential to providing effective defence against 

invading microorganisms. Acute inflammation is one of the earliest mechanisms hosts 

use to combat infiltrating pathogens. Acute inflammation involves a rapid response to 

pathogenic insult, or tissue damage, that is characterized by highly conserved phagocyte-

mediated responses. The initiation, effector, and resolution phases of these phagocytes 

tightly regulate acute inflammation by the multi-orchestrated release of soluble mediators 

to both pathogenic and homeostatic signals. These initial responses are not only critical to 

effective mitigation of pathogen infiltration and return to homeostasis but also critical to 

effective development of an acquired, memory response. These responses have been well 

characterized in mammalian systems. Teleost (bony) fish have recently been shown to 



 2 

posses many similar mechanisms to mammalian immune responses, and are one of the 

earliest evolutionary clades that possess both innate and classical adaptive immune 

responses. Teleosts serve as an excellent comparative model for investigating primitive 

mechanisms for the control of acute inflammation. In my thesis I investigate the potential 

role of transferrin cleavage products as a primitive mechanism for its contributions to 

regulation of acute inflammation in vivo.  

1.2 Objectives and hypothesis 

 The objectives of this thesis are to investigate the ability of cleaved transferrin 

products to serve as a broad marker of induction phase of acute inflammation. Current 

markers of the induction phase of acute inflammation centre on cytokines (TNF-α, IL-1β, 

IFN-γ), which are synthesized and utilized rapidly and in small quantities. Given that 

transferrin plays an integral role of host defence, conserved throughout evolution, and 

present in high concentrations, I propose that cleaved transferrin products could serve 

as a good comparative marker of the early phases in acute inflammation. 

 I also plan to investigate the potential role of cleaved transferrin products during 

acute inflammation. I will use a self-resolving model of inflammation in goldfish, 

Carassius auratus, to investigate the roles of transferrin at the site of inflammation in 

vivo. To examine these characteristics I will use a combination of gene expression- and 

protein analysis, coupled with evaluating well-characterized leucocyte mediated anti-

microbial responses. I hypothesize that transferrin cleavage products are generated 

early during acute inflammation and play a role in initial activation cascades of 

macrophages in the induction of acute inflammation.  
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1.3 Outline of thesis 

 This thesis is comprised of 5 chapters. The first chapter outlines the objectives, 

hypotheses, and includes a literature review focusing on the roles of transferrin, and 

transferrin-like molecules in acute inflammation. The literature review also focuses on 

phagocyte-mediated induction, effector mechanisms, and resolution of acute 

inflammation. The second chapter provides a detailed description of the methodologies 

used throughout this thesis. In chapter 3 I examined the ability of cleaved transferrin 

products to serve as a broader marker of the acute inflammatory response in teleost fish. 

In chapter 4 I investigated the production of cleaved transferrin products during acute 

inflammation in vivo. In chapter 5 I describe my general findings, provide a model of 

immune transferrin during acute inflammation, provide suggestions for further work that 

would further characterize this model, and discuss the relevance of my findings to the 

greater scientific community. I then list all of the references cited at the end of the thesis.  

1.4 Literature review 

1.4.1 Transferrins: highly conserved multifunctional glycoproteins 

1.4.1.1 Introduction 

 Transferrins are a highly homologous family of proteins that posses a diverse 

array of physiological roles throughout evolution. Most transferrins are 70 – 80 kDa bi-

lobed proteins that consist of homologous N- and C-lobes. In vertebrates known members 

of the transferrin family consist of serum transferrin, lactotransferrin, ovotransferrin, 

melanotransferrin, and the inhibitor of carbon anhydrase (Dunn et al., 2006; Farnaud and 

Evans, 2003; Lambert et al., 2005; Metz‐ Boutigue et al., 1984; Wuebbens et al., 1997). 

However transferrin proteins are not exclusive to vertebrates with transferrin homologues 
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found in echinoderms, arthropods, and even as distantly as marine algae (Lambert, 2012; 

Lambert et al., 2005).  

 Historically, transferrins have been well characterized for their role in iron 

binding and transport. However transferrins also play a significant role in modulating the 

immune system. Indeed, there is evidence of the evolution of transferrin as an 

immunoregulatory molecule, as well as evidence of pathogens attempts to manipulate 

host transferrin for their own benefit. For example: transferrin contributes to host 

defence: a) by sequestering iron from invading pathogens (Ellis, 2001; Skaar, 2010), b) as 

an acute phase protein (Bayne and Gerwick, 2001; Cray et al., 2009; Kovacevic et al., 

2015), c) through direct killing of bacterial pathogens (Ibrahim et al., 1998), and d) by 

activating anti-microbial responses in macrophages in vitro (Jurecka et al., 2009; Stafford 

and Belosevic, 2003; Stafford et al., 2001). Transferrin degradation products have been 

found in the bronchoalveolar lavage fluid of cystic fibrosis patients infected with 

Pseudomonas aeruginosa (Britigan et al., 1993) and there are several pathogens that 

produce a transferrin-receptor like protein capable of binding holo-transferrin 

(Cornelissen, 2003).  

 Although there are several excellent reviews on the role of transferrin in iron 

metabolism, see:(Dautry-Varsat et al., 1983; Gkouvatsos et al., 2012; Harding et al., 

1983; Johnson and Wessling-Resnick, 2012), the roles of transferrins in immunity have 

not been as thoroughly discussed. In this section I will highlight the recent advances in 

our understanding of the immunoregulatory roles of transferrin, with an emphasis on their 

role in the acute inflammation.     
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1.4.1.2 Transferrin and transferrin receptor structure 

 Transferrin is a bi-lobed monomeric glycoprotein, of approximately 70 – 80 kDa. 

The human serum transferrin consists of 679 amino acids and two N-liked 

oligosaccharide chains. The protein folds into two homologous domains coned the N- and 

C-lobes conntected by a small ~15 residue peptide interdomain bridge, each capable of 

finding one iron molecule (Figure 1.1A). Both glycosylation sites are located in the C-

lobe of the molecule. The protein is composed of several α-helices and β-sheets (Figure 

1.1B).  

 The transferrin receptor is two-subunit transmembrane glycoprotein of 

approximately 180 kDa. The human transferrin receptor consists of two 760 amino acid 

polypeptide chains held together through di-sulphide bonds (Figure 1.1C). The 

homodimer is able to bind two molecules of transferrin molecules and bring them into the 

cell (Schneider et al., 1984).  

1.4.1.3 Transferrin in iron storage and transport 

 Transferrin has been well characterized for its role in vertebrate iron transport 

(Gkouvatsos et al., 2012). In vertebrates, apo-transferrin is primarily produced by the 

liver and released into the blood stream (Zakin, 1992). Once in the serum each transferrin 

molecule will tightly bind two free iron molecules (Aisen P Fau - Leibman et al., 1978). 

Once bound to iron holo-transferrin will bind to transferrin receptors on the plasma 

membrane, and is taken into the cell by receptor mediated endocytosis at a rate of 

approximately 18 000 holo-transferrin molecules per minute per cell, and each cell 

containing approximately 200 000 transferrin receptors (Dautry-Varsat et al., 1983; 

Sawyer and Krantz, 1986). During endosome maturation the decrease in pH causes 
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transferrin to release the bound iron molecules, and transferrin is recycled back into 

circulation (Dautry-Varsat et al., 1983). An iron that is not used immediately in metabolic 

processes is then bound to ferritin, an intracellular iron storage protein (Harrison and 

Arosio, 1996). Despite recycling of transferrin molecules, transferrin has a relatively 

short life span with humans turning over their entire transferrin pool every 3 hours (Cavill, 

2002). Only approximately 0.1% of total iron is bound to transferrin, however transferrin-

bound iron it the most accessible and plastic form of iron throughout the body (Wang and 

Pantopoulos, 2011).  

1.4.1.4 Evolution of non-vertebrate transferrins 

 The transferrin superfamily of proteins encompasses the well-characterized 

vertebrate transferrins mentioned earlier; however it also includes several other 

homologues such as: saxiphilin in amphibians (Li and Moczydlowski, 1991), major yolk 

protein in hemichordates (Brooks and Wessel, 2002), insect transferrin (Yoshiga et al., 

1999), and even a tri-lobed transferrin like molecule found in marine algae (Fisher et al., 

1997; Fisher et al., 1998). Many of these homologues have developed various 

physiological roles and tissue specific expression patterns.  

1.4.1.4.1. Marine-algae transferrin like molecules 

 Marine algal species of the genus Dunaliella are found in hypersalinic 

environments and produce a 150 kDa tri-lobed transferrin like molecule (Fisher et al., 

1997). This protein is localized to the plasma membrane and facilities iron acquisition 

from the environment. This transferrin-like molecule also exhibits several characteristics 

similar to vertebrate transferrin, including preferential binding of Fe3+ iron species over 

Fe2+, reliance on carbonate/bicarbonate ions, and expressional plasticity where transferrin 
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is up-regulated in low iron environments and down-regulated in high iron environments 

(Fisher et al., 1997; Fisher et al., 1998; Paz et al., 2007).  

1.4.1.4.2 Insect transferrin 

 Insect transferrin has been described in many species including Drosophila 

melanogaster (Yoshiga et al., 1999), Aedes species, (Yoshiga et al., 1997), termites 

(Thompson et al., 2003), beetles (Kim et al., 2008), honeybees (Kucharski and Maleszka, 

2003), and moths (Yun et al., 2009). Similar to vertebrate transferrin insect transferrin is 

bi-lobed, found in the hemolymph, and also display localized synthesis in the fat body; 

which is equivalent to the vertebrate liver. However recent studies suggest that in some 

species the C-lobe has lost the ability to bind iron, but has gained immune functions. 

Insect transferrin is an acute phase protein, being up-regulated in response to bacterial 

pathogens (Yoshiga et al., 1999; Yoshiga et al., 1997), and a recombinant moth, Bombyx 

mori, transferrin directly inhibits bacterial growth (Yun et al., 2009). To date, insects are 

one of the earliest known evolutionary lineages that use transferrin as an immune 

molecule.  

1.4.1.4.3 Major yolk protein 

 In sea urchins, echinoderms, their eggs contain a transferrin homolog called major 

yolk protein. This protein is produced in the ovaries, testis, coelomic fluid, and intestine 

of males and females (Brooks and Wessel, 2002; Unuma et al., 2010; Unuma et al., 2003). 

Major yolk protein has been shown to bind iron, similar to vertebrate transferrin, however 

the specific binding stoichiometry has not been elucidated as it has in insects and 

vertebrates (Brooks and Wessel, 2002). In some species of sea urchin, specifically 

Paracentrotus lividus and Tripneustes gratilia, the major yolk protein has been modified 
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to form a distinct homolog known as the toposome (Noll et al., 2007). Similar to major 

yolk protein the toposome is a major component of sea urchin eggs, however it plays 

significant roles in calcium binding and cell adhesion (Noll et al., 2007). Although the 

toposome lacks several conserved residues that are critical in iron binding of other 

transferrin homologues the toposome has been shown to bind Fe3+ suggesting multiple 

roles for these transferrin homologues in echinoderms (Hayley et al., 2008). 

1.4.1.5 Vertebrate transferrins  

 Transferrin has been well characterized in all vertebrate lineages, including teleost 

fish, amphibians, reptiles, birds, and mammals. Many of the diverse roles of transferrin 

were first elucidated in non-mammalian vertebrate species, for example the ability of 

transferrin cleavage products to induce anti-microbial responses in macrophages was 

initially discovered in a teleost fish model, Carassius auratus (Stafford et al., 2001). 

Transferrin has also been identified in several other teleost species, including rainbow 

trout (Murayama et al., 2000), sockeye salmon (Møller, 1970), and medaka (Mikawa et 

al., 1996) and is likely present in all teleosts. 

1.4.1.5.1 Amphibian transferrins 

 Transferrin has also been well characterized in several amphibian models, such as 

the African Clawed Frog, Xenopus laevis, and North-American bullfrog, Rana catesbiana 

(Llewellyn et al., 1997; Morabito and Moczydlowski, 1995). It is important to note that 

recently, a non-iron binding transferrin homolog, saxiphilin, has been identified in R. 

catesbiana but this has yet to be identified in Xenopus genomes (Llewellyn et al., 1997). 

This Rana saxiphilin shares a high degree of similarity with Xenopus transferrin, with the 

N- and C-lobes having 50% and 57% similarity (Lambert, 2012; Lambert et al., 2005).  
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1.4.1.5.2 Ovotransferrin 

 Reptiles and birds both posses a serum transferrin homolog known as 

ovotransferrin. This molecule was first characterized in egg whites demonstrating both 

iron-transport characteristics and as an inhibitor of microbial growth, similar to insect 

transferrins (Schade and Caroline, 1944). Ovotransferrin is also found in the serum, being 

the primary iron transport molecule in the blood (Giansanti et al., 2012). Furthermore it 

has been shown that ovotransferrin can participate in direct killing of the bacteria 

Staphlococcus aureus (Ibrahim et al., 1998; Ibrahim et al., 2000; Xie et al., 2002b). 

However the specific mechanism of bacterial killing by Ovotransferrin is unknown.  

1.4.1.5.3 Lactoferrin and the inhibitor of carbonic anhydrase 

 In mammals neither lactoferrin nor the inhibitor of carbonic anhydrase play a 

major role in iron homeostasis, with lactoferrin knockout mice showing no variation in 

iron homeostasis, intestinal development, or fertility (Ward et al., 2003). The inhibitor of 

carbonic anhydrase was originally found in pig serum where it has completely lost its 

ability to bind iron; instead its only characterized role is as an inhibitor of carbonic 

anhydrase (Roush and Fierke, 1992; Wuebbens et al., 1997). In primates the inhibitor of 

carbonic anhydrase gene contains premature stop codons meaning the inhibitor of 

carbonic anhydrase is likely a pseudogene (Schaeffer et al., 1987).  

1.4.1.5.4 Melanotransferrin 

 Melanotransferrin is commonly associated with human melanoma tumours, 

however is also expressed in normal tissues including the salivary glands, sweat glands, 

liver, and intestine. Only the N-lobe of melanotransferrin is capable of binding iron 
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(Baker et al., 2002) and similar to lactoferrin does not play a critical role in iron 

homeostasis with melanotransferrin knockout mice showing no phenotypic change in iron 

transport (Dunn et al., 2006; Sekyere et al., 2006).   

1.4.1.6 Immune roles of transferrin  

 

1.4.1.6.1 Transferrin is an acute phase protein 

 The acute phase response (APR) is a prominent physiological response of a host 

to injury, trauma, or infection. This orchestrated systemic response involves physiological 

changes in several host organ systems (Baumann and Gauldie, 1994; Bayne and Gerwick, 

2001; Gruys et al., 2005). Specifically the acute phase response involves changes in the 

hepatic, musculo-skeletal, central nervous, and immune systems. Common symptoms of 

the acute phase response include: fever, pain, leucocytosis, and increased synthesis of 

proteins classified as acute phase proteins. Although there are several acute phase 

proteins, with variation between species, transferrin is a protein commonly associated 

with change during infection (Feelders et al., 1998). These changes are dependent on 

species with transferrin commonly being associated as a negative acute phase protein 

(Cray et al., 2009), however has shown to be a positive acute phase protein in other 

animals such as chickens (Bayne and Gerwick, 2001; Xie et al., 2002a) and trout In 

response to pathogens transferrin gene expression is increased both locally by 

macrophages in several evolutionary lineages (Djeha and Brock, 1992; Djeha et al., 1995; 

Stafford and Belosevic, 2003; Stafford et al., 2001; Yoshiga et al., 1999; Yoshiga et al., 

1997), and in some vertebrates, globally by liver hepatocytes (Bayne and Gerwick, 2001; 

Cray et al., 2009; Kovacevic et al., 2015; Xie et al., 2002a; Xie et al., 2002b; Xie et al., 

2002c).  



 11 

1.4.1.6.2 Transferrin sequesters iron from invading pathogens 

 The battle between pathogens and their hosts has received significant attention in 

the literature due to several strategies hosts have adapted to restrict iron from invading 

pathogens, and conversely, pathogen strategies to maximize iron availability (Doherty, 

2007; Schaible and Kaufmann, 2004; Skaar, 2010). Iron is initially inaccessible to 

infiltrating pathogens as the majority of iron in healthy individuals is intracellular, and 

the minute amount of extracellular iron is tightly bound to transferrin or lactoferrin 

(Bullen et al., 1999; Kehl-Fie and Skaar, 2010). In a further attempt to sequester iron 

macrophages increase transferrin expression and decrease transferrin receptor expression 

in response to inflammatory stimuli. Current evidence suggests this strategy prevents iron 

acquisition by intracellular pathogens, and allows iron to be tightly bound to transferrin 

rather than weakly bound to intracellular ferritin (Byrd and Horwitz, 1989; Hamilton et 

al., 1984; Ponka and Lok, 1999).  

1.4.1.6.3 Transferrin is involved in leucocyte differentiation and maturation 

 It has been well established that proliferating cells have a critical requirement for 

iron, and thereby, transferrin (Le and Richardson, 2002; Rossi and Zetter, 1992; Vostrejs 

et al., 1988). If iron is restricted cell growth stalls, specifically preventing cells 

progressing from the G1 to M phase of cell division (Laskey et al., 1988). However it has 

been shown that transferrin molecules also play a significant role in leucocyte 

differentiation and maturation, in addition to satisfying these leucocytes iron requirement. 

Recently it has been shown that transferrin is required for T-cell differentiation events in 

the thymus, prior to TCR-mediated selection events (Macedo et al., 2004; Macedo and 
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Sousa, 2008). It has also been reported that transferrin contributes to granulocyte end-

stage maturation events (Evans et al., 1989; Evans et al., 1986).     

1.4.1.6.4 Transferrin can induce pro-inflammatory responses 

  Transferrin molecules have been shown to act directly on cells by enhancing anti-

microbial responses. Transferrin can increase chemokine expression in human epithelial 

cells, and increase iNOS expression in smooth muscle cells (Takenaka et al., 1995; 

Takenaka et al., 2000; Tang et al., 2002). Transferrin has been shown to be a component 

of platelet secretions that enhance phagocytosis (Sakamoto et al., 1997). Recently it has 

been shown that endogenously cleaved transferrin fragments can induce anti-microbial 

responses in goldfish and murine macrophages in vitro (Haddad and Belosevic, 2009; 

Jurecka et al., 2009; Stafford and Belosevic, 2003; Stafford et al., 2001; Stafford et al., 

2004). The ability of these cleavage products is highly conserved with both bovine and 

teleost cleavage products having the capacity to enhance the anti-microbial responses to 

several groups of pathogens in both teleost and murine macrophage systems (Haddad and 

Belosevic, 2009).  

1.4.1.6.5 Cleaved transferrin products in the induction of pro-inflammatory responses 

 Recently it has been shown that cleaved transferrin has a potent ability to induce 

anti-microbial responses in macrophages (Stafford and Belosevic, 2003; Stafford et al., 

2001). This phenomenon was initially identified during in vitro culture of mitogen-

activated mixed leucocyte cultures, and the presence of fragmented bovine and teleost 

transferrin in cell culture supernatants. These transferrin fragments were then purified and 

applied to in vitro derived kidney macrophages were shown to directly induce the 

production of nitric oxide (Stafford et al., 2001).  Furthermore it has been shown that 
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addition of transferrin cleavage products will enhance the NO response of macrophages 

in response to stimulation with pathogens alone (Stafford et al., 2003).  

 The generation of the immunostimulatory transferrin molecules is shown to arise 

from endogenous enzymes produced by leucocytes during in vitro cell culture (Stafford 

and Belosevic, 2003; Stafford et al., 2001). Specifically, macrophages have been shown 

to produce transferrin cleavage products in vitro (Jurecka et al., 2009). The cleavage site 

was initially identified to be within the interdomain bridge (Stafford and Belosevic, 2003), 

however this likely represents an initial cleavage event during a cascade of several 

cleavage subsequent events given the plethora of transferrin breakdown products 

identified and the ability of several different enzymes being able to facilitate transferrin 

cleavage (Haddad and Belosevic, 2009) (Table 1.1). Interestingly, several transferrin 

variants are expressed that have been shown to have differential capacity to induce NO 

production in macrophages (Jurecka et al., 2009). However, despite the difference 

between transferrin isoforms a specific 31 residue transferrin-derived peptide, present in 

all isoforms, induces NO responses in murine and teleost macrophages (Haddad and 

Belosevic, 2009). This peptide was shown to be derived from the N-lobe, contained six 

cysteine residues and resembles a defensin molecule, however was not able to act directly 

against either gram negative or positive bacteria suggesting the primary role of this 

peptide is to induce leucocyte-mediated anti-microbial responses rather than act directly 

against pathogens (Haddad and Belosevic, 2009). Currently the specific receptor that 

facilitates the induction of anti-microbial responses upon binding of cleaved transferrin 

products is unknown. Other endogenous molecules capable to stimulating immune 

responses have been suggested to stimulate through the NF-κB/TLR receptor system (Li 
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et al., 2001), making an unidentified TLR an excellent candidate for exerting the anti-

microbial activity of cleaved transferrin products. 

1.4.1.7 Immune roles of transferrin family members 

1.4.1.7.1 Lactoferrin in response to infection 

 Lactoferrin is found in several secretory fluids including: milk, saliva, tears, bile, 

vaginal secretions, and seminal fluid, among others (García-Montoya et al., 2012). 

Interestingly, lactoferrin is also produced and stored in granulocytes (Breton-Gorius et al., 

1980; Faurschou and Borregaard, 2003). Apoptotic cells, but not necrotic cells, release 

lactoferrin inhibiting granulocyte migration and simulating monocyte migration to 

enhance resolution mechanisms during acute inflammation (Bournazou et al., 2009; Poon 

et al., 2014). Although lactoferrin shares many similar iron-binding properties with 

transferrin, it is not a critical component of iron transport and metabolism (Ward et al., 

2003). Instead lactoferrin is believed to enhance effector mechanisms of the innate 

immune system. Lactoferrin is able to bind iron more tightly, and over a broader range of 

pH, than transferrin helping it sequester iron from invading pathogens (Choe et al., 2003; 

Ward and Conneely, 2004). Lactoferrin is also able to act directly against 

microorganisms by containing anti-microbial peptides, released during protein digestion 

(van der Kraan et al., 2004).  

1.4.1.6.2 Ovotransferrin in immunity  

 Ovotransferrin is the mammalian serum transferrin equivalent in avian and 

reptilian species, and is also found prominently in egg whites (Giansanti et al., 2012; 

Schade and Caroline, 1944). Ovotransferrin shares similar immunological properties as 

both transferrin and lactoferrin. Ovotransferrin is a positive acute phase protein in 
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chickens, being up-regulated in response to infection with viruses, bacteria, and other 

inflammatory agents. Ovotransferrin has been shown to modulate reactive oxygen 

intermediates (ROI) and reactive nitrogen intermediates (RNI) species in avian 

macrophages and heterophils (Xie et al., 2002b; Xie et al., 2001). Similar to lactoferrin, 

ovotransferrin has anti-bacterial peptide sequences that inhibit bacterial growth when the 

native protein is degraded (Ibrahim et al., 1998; Ibrahim et al., 2000).  

1.4.1.6.3 Other transferrin molecules 

 The immunological roles of transferrin homologues in other species have not been 

as well investigated. In several insect species it has been shown that transferrin 

expression increases in response to infection, acting as a positive acute phase protein 

(Yoshiga et al., 1999; Yoshiga et al., 1997). A recombinant moth, B. mori, transferrin has 

been shown to directly inhibit bacterial growth, however the specific mechanism of 

bacterial inhibition remains unclear (Yun et al., 2009). Insects have a ferritin homolog 

which is secreted (Dunkov and Georgieva, 2006; Geiser et al., 2006). Current evidence 

suggests this secreted iron storage protein plays the primary role of iron transport, storage, 

and sequestration in insects rather than the insect transferrin, making the primary role of 

insect transferrin as an immune molecule.   

1.4.1.8 Pathogen manipulation of transferrin molecules 

 Iron is an essential component of pathogen growth and proliferation within a host. 

I have outlined strategies hosts use to sequester iron from invading pathogens however 

pathogens have developed several effective methods to circumvent the issue of a limited 

iron supply within a host. Although there are several strategies used by pathogens to 
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acquire iron, and many pathogens employ more than one of the discussed strategies, I 

will focus only on those that have a direct relationship to transferrin.  

1.4.1.8.1 Sidrophores 

 The production of pathogen-derived siderophores is a common iron acquisition 

strategy used by bacteria, protozoans, and several fungi. Sidreophores are small (<1 kDa), 

secreted, iron scavenging proteins that will tightly bind any free iron, and can also 

scavenge iron directly from transferrin, making the iron available to pathogen metabolism 

(Saha et al., 2013; Weinberg, 2009). There are several different siderophores produced, 

possessing several diverse mechanisms for acquiring transferrin-bound iron. One strategy 

employed by Pseudomonas aeruginosa is that the bacteria will cause a decrease in pH of 

the microenvironment, causing the iron-transferrin affinity to decrease while the 

siderophore-iron binding affinity remains high (Sriyosachati and Cox, 1986). An alternate 

siderophore-mediated strategy, employed by the fungus Aspergillus fumigatus, is the 

production of siderophores with a higher iron-binding affinity than host transferrin 

(Hissen et al., 2004).  

1.4.1.8.2 Internalization of transferrin 

 One such strategy employed by diverse pathogen groups is the direct uptake of 

holo-transferrin. Gram-negative bacteria of the genera Neisseria (Mickelsen and Sparling, 

1981), Moraxella (Campagnari et al., 1994), Actinobacillus (Gerlach et al., 1992), and 

Haemphilus (Herrington and Sparling, 1985) express a receptor with the specificity to 

directly bind and internalize holo-transferrin, but not apo-transferrin. The protozoan 

pathogen Trypanoplasma boreii, a common blood parsite of carp, is able to actively take 

up host proteins in the flagellar pocket and digest them in a lysosomal compartment 
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(Ruszczyk et al., 2008). Other members of the Trypanosomatida, which include 

Trypanosoma and Leishmania species, manipulate transferrin in a similar manner (Lima 

and Villalta, 1990; Schell et al., 1991; Steverding, 2000; Voyiatzaki and Soteriadou, 

1992).   

1.4.1.8.3 Degradation of transferrin 

 An interesting strategy used by several pathogens is degrading full-length 

transferrin, making in unable to bind iron. Pathogens can either secrete enzymes that 

directly cleave transferrin, such as the case with Pseudomonas aeruginosa, which secrets 

elastase that degrades transferrin (Britigan et al., 1993; Britigan et al., 1992), or some 

pathogens will degrade transferrin in a lysosome and then release these fragments back 

into the host, as is the case with Trypanoplasma boreii (Ruszczyk et al., 2008). This 

strategy is intriguing due to the ability of cleaved transferrin products to induce pro-

inflammatory responses in macrophages (Haddad and Belosevic, 2009; Jurecka et al., 

2009; Stafford and Belosevic, 2003; Stafford et al., 2001). Indeed, as mentioned earlier, 

endogenous enzymes can produce transferrin cleavage products, as well as the contents 

from lysed, but not apoptotic cells. This poses an interesting paradigm for the evolution 

of acute inflammation, where a pathogen attempt to manipulate its host either by 

degrading transferrin, or by inducing leucocyte necrosis, these events can then induce 

acute inflammation.  

1.4.2 Effector mechanisms and mediators of acute inflammation in teleost fish 

1.4.2.1 Introduction 

 Inflammation is a tightly regulated and intricate process that is crucial for 

effective mitigation of pathogen invasion and tissue damage. Effective control of 
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inflammation is crucial to restore and maintain homeostasis following tissue injury or 

pathogen infiltration. Inefficient induction mechanisms can often lead to hosts being 

overrun by infectious agents or developing sepsis (Wong and Billiar, 1994). Poor 

regulation of resolution mechanisms can often lead to chronic inflammatory conditions 

such as: systemic lupus erythematous, rheumatoid arthritis, and Crohn’s disease, among 

others (Buckley et al., 2001).   

 Acute inflammation is characterized by the rapid induction of inflammatory 

cytokines, subsequent recruitment of phagocytic leucocytes, and induction of anti-

microbial responses – localized to the inflammatory site (Serhan and Savill, 2005). These 

characteristics of acute inflammation are highly conserved, critical components, of the 

innate immune system. Many of the hallmark characteristics have been characterized in 

mammals, and non-mammalian vertebrates and non-vertebrates share a high degree of 

homology to the mammalian acute inflammatory response. Importantly, many non-

vertebrates, display a much greater reliance on innate mechanisms in the absence highly 

specialized classical acquired immune mechanisms (Medzhitov, 2001). Mammals have a 

much greater reliance on a highly specialized acquired immune response, not seen in non-

vertebrate lineages (Yang et al., 2002). Teleost (bony) fish are the earliest evolutionary 

lineage to display classical acquired immunity (Uribe et al., 2011), making them an 

excellent model to study the initial mechanisms of acute inflammation and examine their 

potential role in tailoring adaptive responses, characteristic of the acquired immune 

system.  
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1.4.2.2 Leucocytes involved in acute inflammation 

 Leucocytes are the primary cells responsible for initiating, coordinating, and 

resolving an effective immune response to damaged tissue or pathogens. Leucocyte 

responses during acute inflammation have been well characterized in mammalian systems, 

and will be highlighted during this section. However I will integrate recent 

complimentary literatures advances in our understanding of teleost leucocyte roles in 

acute inflammation when information is available. Many of the roles of teleost leucocytes 

will also be discussed during the discussion of results in later chapters, where I will also 

highlight the divergent roles of teleost and mammalian leucocytes in effective 

inflammatory-control.  

1.4.2.2.1 Mononuclear cells 

 Monocytes and macrophages are critical for effective induction, effector 

mechanisms, and resolution of acute inflammation. The initial induction of an 

inflammatory response is triggered by resident macrophages recognizing damaged tissues, 

or pathogens and/or pathogen products. These inflammatory triggers are also known as 

damage-associated molecular patters (DAMPs) or pathogen-associated molecular patterns 

(PAMPs) (Kawai and Akira, 2010). Binding of DAMPs or PAMPs to pattern recognition 

receptors (PRRs) on resident macrophages results in the rapid production or pro-

inflammatory cytokines that result in leucocyte recruitment and further activation events. 

In teleost fish these events include production of the neutrophil recruiting chemokine 

CXCL-8, production of pro-inflammatory cytokines TNF-α, IL-1β and IFN-γ (Havixbeck 

et al., 2016; Rieger et al., 2015). The initial infiltrating leucocyte population is 

neutrophils, which will be detailed in the next section of this review.  
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 During the primary effector phase of acute inflammation there are a plethora of 

macrophages and monocytes that participate in anti-microbial response to combat 

pathogens. Macrophages and monocytes have been well characterized for their anti-

microbial activity, employing several strategies such as: phagocytosis, respiratory burst 

(ROS), nitric oxide production (NO), and phagolysosome fusion (Neumann et al., 2000). 

These mononuclear cells displays marked differences in their capacity for each of the 

listed anti-microbial responses. Monocytes display reduced ability to generate ROS and 

NO species, however they have a greater capacity for phagolysosome fusion (Neumann et 

al., 2000; Rieger et al., 2012).  

 After the removal of the pathogenic stimuli macrophages and monocytes facilitate 

the resolution phase by removing any damaged tissues, and apoptotic cells. Although 

recently it has been shown that mammalian neutrophils have the capacity to internalize 

apoptotic cells (Esmann et al., 2010), and teleost neutrophils may play a regulatory role 

during resolution (Havixbeck et al., 2016), mononuclear cells still play a prominent role 

in the orchestration of effective resolution mechanisms. The resolution phase is typically 

characterized by high levels of TGF-β and IL-10, combined with a decrease in pro-

inflammatory cytokines TNF-α, IL-1β, IFN-γ, and intracellular killing mechanisms ROS 

and NO (Rieger et al., 2015; Rieger et al., 2012). It is also characterized by increased 

uptake of apoptotic cells by mononuclear cells (Poon et al., 2014). 

1.4.2.2.2 Neutrophils 

 Neutrophils are one of the primary cells types affiliated with pathogen killing. 

Neutrophils posses a robust array of intra- and extracellular anti-microbial killing 

mechanisms employed during acute inflammation. Similar to macrophages neutrophils 
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are capable of employing phagocytosis and then producing intracellular ROS and NO. 

Interestingly, neutrophils also posses a marked capacity to produce extracellular ROS and 

NO to combat extracellular pathogens not seen in macrophages (Forlenza et al., 2008; 

Katzenback and Belosevic, 2009).  

 A hallmark strategy of neutrophil anti-microbial responses is the release of 

intracellular storage granules, degranulation. These storage granules contain a plethora of 

cytotoxic products, that include: elastase, defensins, lysozyme, myeloperoxidase, 

hydrolases, and many other anti-microbial substances. These granules can be released 

directly into intracellular lysosomes, or extracellularly (Farnaud and Evans, 2003). The 

release of these intracellular storage granules also facilities the formation of neutrophil 

extracellular traps (NETs). NETs are composed of these granule proteins, complexed 

with DNA fibres that aid in the capture and directly killing of bacteria (Yipp et al., 2012).  

 This unique ability of neutrophils to utilize these extracellular killing mechanisms 

also can have a deleterious effect on host tissues. Although these non-specific 

extracellular responses are extremely effective at pathogen killing, they also damage host 

tissue. Indeed, neutrophils have been well characterized for the gastrointestinal damage 

associated with non-steroidal anti-inflammatory medications (NSAIDs), such as 

ibuprofen (Wallace et al., 1990; Yoshikawa and Naito, 2000). These anti-inflammatory 

drugs inhibit COX-2, which is primarily responsible for producing the lipid mediator 

PGE2, and coordinating down-stream effector pathways to reduce pro-inflammatory 

neutrophil mediated mechanisms (Harris et al., 2002; Ricciotti and FitzGerald, 2011).  
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1.4.2.3 Roles of non-immune tissues during acute inflammation  

 

 Although leucocytes are the primary cells associated with facilitating immune 

responses there are several non-immune cells and tissues that also participate in host 

defence. In particular the adherent epithelial cells can are able to induce immune 

responses, and also participate in during immune effector mechanism (Gewirtz et al., 

2001; Poon et al., 2014). One of the hallmark events of inflammation, mediated by a 

typically non-immune tissue, is the increase in vascular permeability by endothelial cells 

to allow the influx of leucocytes and serum proteins into the inflammatory site (Pober and 

Cotran, 1990). In addition to the vasodilation the endothelial cells are also able to secret a 

variety of prostaglandins, chemokines, cytokines, and proteases into the inflammatory 

site (Pober and Cotran, 1990; Gewitz et al., 2001). Furthermore endothelial cells are also 

able to participate in immune effector mechanisms, being able to phagocytose both 

pathogenic and homeostatic particles (Hamill et al., 1986; Poon et al., 2014).  

1.4.2.4 Anti-microbial leucocyte effector mechanisms 

1.4.2.4.1 Respiratory burst 

 Respiratory burst is a well-characterized phagocyte mediated-response to 

pathogens or stimulation with pro-inflammatory cytokines. The process of ROS 

production during respiratory burst is primarily mediated by NADPH-oxidase. NADPH-

oxidase is an enzyme complex that is localized to the inner surface of the plasma 

membrane (Boltana et al., 2009; Mayumi et al., 2008). Production of ROS is essential for 

intracellular killing within phagolysosomes (Newman, 1999). Indeed, a genetic mutation 

in any of the NADPH-oxidase subunits can result in increased susceptibility to bacterial 

and fungal infections (Heyworth et al., 2003).   
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 As mentioned earlier neutrophils also have the capacity to produce extracellular 

ROS. In addition to the role of intracellular ROS in killing of internalized 

microorganisms, extracellular ROS contributes to the killing of extracellular pathogens 

(Broeg and Steinhagen, 2011; Forlenza et al., 2008; Leiro et al., 2001)  

1.4.2.4.2 Nitric oxide 

 Nitric oxide is a highly conserved molecule with many diverse physiological 

functions. Nitric oxide acts as a signalling molecule or a cytotoxic chemical, is generated 

by several cell types (Lincoln et al., 1997). Synthesis of nitric oxide is mediated by the 

enzymes nitric oxide synthase (NOS), which convert L-arginine to NO and L-citrulline, 

utilizing electrons donated by NADPH oxidase (Nathan and Xie, 1994). NOS encompass 

three isotypes: the constitutively expressed neuronal NOS (nNOS), and endothelial NOS 

(eNOS), and the immunology relevant isoform: inducible NOS (iNOS). The two 

constitutive isoforms are able to rapidly produce small amounts of nitric oxide for a short 

period of time. Whereas iNOS is able to produce larger quantities of NO for a longer 

period of time. Production of these large amounts of NO requires de novo iNOS synthesis 

by leucocytes, delaying the NO response compared to respiratory burst. Indeed, as 

mentioned earlier NO synthesis is linked to the electron donating activity of NADPH 

oxidase. This indicates the respiratory burst and NO responses are linked with NO 

responses, typically increasing as respiratory burst responses decrease (Neumann, 1999).  

 Similar to the respiratory burst response, NO production is induced by stimulation 

with PAMPs or pro-inflammatory cytokines. However, in addition to the pro-

inflammatory stimuli, transferrin cleavage products have also been shown to induce high-

levels of NO production, and enhance the NO response of macrophages to various 
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pathogens in vitro (Jurecka et al., 2009; Stafford and Belosevic, 2003; Stafford et al., 

2001). Macrophages will synthesize NO that will localize to the phagolysosome to aid in 

pathogen killing (Bogdan, 2001). Also similar to respiratory burst neutrophils are able to 

produce extracellular NO (Forlenza et al., 2008).  

1.4.2.5 Soluble markers of acute inflammation 

1.4.2.5.1 TNF-α 

 Tumour necrosis factor (TNF)-α is a pleiotropic cytokine that has major roles in 

the induction and propagation of acute inflammation. TNF-α is one of the earliest 

markers of the induction phase of inflammation, being produced by resident macrophages 

in response to pathogens and pathogen products. Indeed, production of TNF-α by murine 

macrophages increases significantly as early as 1 hour post-stimulation and decreases 

quickly, back to homeostatic levels by 6 hours (Cui et al., 2000). Other pro-inflammatory 

cytokines such as IL-1 and IL-6 also induce expression of TNF-α by macrophages. Due 

to its diverse array of physiology effects TNF-α has, historically, been a widely used 

marker of acute inflammation. A few of the immunological effects of TNF-α include 

promotion of phagocyte recruitment (Ming et al., 1987), phagocytosis enhancement 

(Lohmann-Matthes et al., 1991), and facilitating increased respiratory burst and NO 

responses (Ding et al., 1988).  

1.4.2.5.2 IL-1β 

 Interleukin (IL)-1β is another prototypical pro-inflammatory cytokine produced 

during acute inflammation. The primary function associated with IL-1β is the induction 

of fever, thus IL-1β is also commonly referred to as an endogenous pyrogen (Harden et 
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al., 2008). IL-1β is usually produced by mononuclear cells as a pro-peptide and under-

goes caspase cleavage into its active form by PRR-mediated signals (Underhill and 

Goodridge, 2012). The pro-IL-1β is expressed in response to pathogens, and pathogen-

associated products, showing similar down-stream effects to TLR-signalling (Janssens 

and Beyaert, 2002). Although IL-1β has several diverse physiological effects, during 

acute inflammation IL-1β induces synthesis of lipid mediators such as PGE2, promotes 

leucocyte chemotaxis, and increases endothelial receptors that mediate diapadesis 

(Dinarello, 2011) 

1.4.2.5.3 IFN-γ 

 Interferon (IFN)-γ is a member of the type II interferon class of cytokines and has 

several immunological roles in acute inflammation, as well as in the adaptive immune 

response. Initially, IFN-γ was characterized as a lymphocyte (CD4+, CD8+, and NK-

cells) produced cytokine, however recently it has been shown that mononuclear cells also 

produce significant amounts of IFN-γ. Production of IFN-γ is important for the initial 

autocrine and paracrine macrophage activation events during the induction of acute 

inflammation (Frucht et al., 2001; Young, 1996). IFN-γ has a multitude of effects on 

mononuclear cells such as increased antigen presentation, increased lysosome activity, 

and increases in respiratory burst and NO production (Decker et al., 2002). In addition to 

effects on macrophages IFN-γ also facilitates lymphocyte recruitment and activation, 

facilitating the development of an acquired memory response to pathogens (Martín-

Fontecha et al., 2004; Oppenheimer-Marks and Ziff, 1988). 
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1.4.2.5.4 TGF-β 

 Transforming growth factor (TGF)-β is an interesting cytokine that has 

historically been used as an anti-inflammatory marker. However TGF-β has also been 

shown to exert several pro-inflammatory effects. In mammals TGF-β is released rapidly 

by platelets following an immune challenge acting as a leucocyte chemoattractant 

(Adams et al., 1991; Reibman et al., 1991; Wahl et al., 1987). At low concentrations 

TGF-β also increases expression of pro-inflammatory cytokines TNF-α and IL-1 (Allen 

et al., 1990; Wiseman et al., 1988).  

 In addition to its pro-inflammatory characteristics TGF-β also exerts several 

effects that promote resolution of acute inflammation. At higher concentrations TGF-β 

reduces TNF-α and IL-1β expression by monocytes, decrease’s antigen presentation, 

reduces the anti-microbial respiratory burst, and NO responses (Martinez et al., 2007; 

Wahl et al., 1988). TGF-β also has immunosuppressive effects on the lymphocyte lineage, 

inhibiting activation and proliferation. TGF-β directly inhibits mitosis of proliferating 

lymphocytes, preventing them from progressing from G1 of the cell cycle (Ruegemer et 

al., 1990; Siepl et al., 1988). 

1.4.2.5.5 IL-10 

 Interleukin (IL)-10 exerts a plethora of anti-inflammatory effects on myeloid cells, 

neutrophils, and lymphocytes. The multitude of anti-inflammatory effects has made it a 

classical marker of the resolution phase during acute inflammation. IL-10 reduces the 

macrophage expression effects of pro-inflammatory cytokines TNF-α and IL-1β (de Waal 

Malefyt et al., 1991; Fiorentino et al., 1991). IL-10 also inhibits the migration of 

leucocytes by reducing expression of neutrophil chemokines, and increasing macrophage 
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expression of pro-inflammatory cytokines agonists (Berkman et al., 1995; Kopydlowski 

et al., 1999; Marfaing-Koka et al., 1996). Interestingly, IL-10 enhanced Fcγ-Receptor-

mediated phagocytosis of opsonized ligands by macrophages while down-regulating 

respiratory burst and NO responses (Capsoni et al., 1995; Spittler et al., 1995).   

 The effects of IL-10 on neutrophils are not as well characterized as the myeloid 

lineage, with conflicting reports on whether or not neutrophils actively produce IL-10, 

respond directly to IL-10 stimulation, or if anti-inflammatory activity of IL-10 on 

neutrophils is an indirect mechanisms through modulation of macrophages (Cassatella et 

al., 1997; Kasama et al., 1994; Siewe et al., 2006). However treatment of neutrophils with 

IL-10 inhibits their ability to phagocytose and induce respiratory burst responses in 

response to bacteria in vitro (Laichalk et al., 1996). 

1.4.3 Summary 

 Transferrin is a critical component of iron metabolism, however transferrin also 

has many critical functions in host defence. Many of these functions are conserved 

throughout evolution illustrating the importance of transferrin, and transferrin 

homologues, to host defence. Indeed there are constantly evolving host-pathogen 

interactions in an attempt to manipulate transferrin for their own benefit. However there 

are still several questions as to the conservation of transferrin functions, particularly with 

regards to transferrin homologues in non-mammalian vertebrates, and non-vertebrates 

lineages.  

 Acute inflammation is a critical component of host defence, especially in non-

mammalian vertebrate and more primitive evolutionary lineages. This process is highly 

regulated to ensure efficient pathogen removal while maintaining host homeostasis. There 
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is a vast milieu of regulators for the induction, effector, and resolution phases of acute 

inflammation including phagocytes, and phagocyte-produced soluble mediators. Many of 

these processes are well understood in mammalian systems, however the ability of 

cleaved transferrin products to regulate inflammatory processes is a recent discovery that 

has not been as well investigated. Given the presence of transferrin- or transferrin like 

molecules, and macrophages- or macrophage-like cells present in almost all organisms 

cleaved transferrin products may be a highly conserved, primitive mechanism capable of 

regulating acute inflammation.  
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Table 1.1 – Predicted cut sites of human transferrin by selected proteases (from 

ExPASy peptide cutter) 

Enzyme Number of cut sites 

Chymotrypsin (high specificity) 61 

Chymotrypsin (low specificity) 151 

CNBr 10 

Neutrophil elastase 109 

Pepsin 189 

Protinease K 323 

Trypsin 79 
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Figure 1.1 – Schematic diagrams of transferrin and transferrin receptor. A) Cartoon 

representation of transferrin and transferrin receptor (from New York Times). B) Ribbon 

model of transferrin (from ExPASy protein structure predictor (Hass et al., 2013)). C) 

Ribbon model of transferrin receptor (from ExPASy protein structure predictor (Hass et 

al., 2013)).  

 

 

A) 

B) C) 
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Chapter 2: Materials and Methods 

2.1 Animals 

 Goldfish (Carrasius auratus L.) 10 – 15 cm in length were purchased from Mount 

Parnell (Mercersburg, PA) and maintained in the Aquatic Facility of the Department of 

Biological Sciences, Edmonton, University of Alberta. The fish were held at 20 °C in a 

flow-through water system on a simulated local natural photoperiod. Fish were fed to 

satiation daily with trout pellets and acclimated to this environment for at least 2 weeks 

prior to use in experiments. Prior to handling, fish were sedated using tricane methane 

sulfonate (TMS) solution of 40 – 50 mgmL-1. Goldfish were sacrificed via cervical 

dislocation using approved procedures. Animals were maintained according to the 

guidelines of the Canadian Council on Animal Care. Protocols were approved by the 

University of Alberta Animal Care and Use Committee (ACUC-Biosciences: Protocol 

Number AUP706).  

2.2 Pathogens and Pathogen Mimics 

 

2.2.1 Intraperitoneal injection 

 Goldfish were anesthetized with TMS. Goldfish were then removed from water 

and placed on bench-coat. Intraperitoneal injections were done in the soft area under the 

left pectoral fin. Goldfish were then returned to water with oxygenation, allowed to 

recover, and monitored for 10 minutes. All injections were performed using a 25-gauge 1 

mL needle and all bubbles in the injection solution were removed.  
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2.2.2 Zymosan-induced peritonitis  

 Zymosan was used to induce acute, self-resolving, inflammation. Injectable 

zymosan (not particulate) was purchased from Alfa Aesar and resuspended at a 

concentration of 50 mgmL-1 in 1X PBS-/- (no calcium/no magnesium; see table 1 for 

composition of 10X solution). Resuspended zymosan was stored at 4 °C until use in 

experiments. For use in peritoneal injections 2.5 mg of zymosan in 100 μL of 1X PBS-/- 

was injected intraperitoneally.  

2.2.3 Aeromonas veronii 

 Aeromonas veronii was isolated from a naturally infected goldfish in the 

Department of Biological Sciences Aquatic Facility by swabbing a body furuncle with a 

cotton swab and inoculating a trypic soy agar (TSA) plate. Single colonies were grown 

and confirmed to be A. veronii based on sequence analysis. A single colony was used to 

inoculate trypic soy broth to create a clonal glycerol stock. The growth curve for A. 

veronii can be found in Figure 2.1. Heat-killed A. veronii was generated by incubating at 

80 °C for 60 minutes with gentle agitation every 15 minutes. Heat-inactivated cultures 

were centrifuged at 2640 xg for 10 minutes at 4 °C. Ten mL of 1X PBS-/- was then added 

to wash, and heat-killed cultures were centrifuged again at 2640 xg for 10 minutes at 4 °C. 

Following heat inactivation, an aliquot of bacteria was plated on TSA plates to confirm 

that cultures had been killed and no cultures developed. Heat-killed bacteria was stored at 

4 °C until further use. For use in peritoneal injection 5.0 x 106 C.F.U. in 100 μL of 1X 

PBS-/- was injected intraperitoneally.  
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2.2.4 Poly(I:C)-induced inflammation 

 Poly(I:C) is a double stranded RNA, that acts as a viral mimic. Poly(I:C) (Sigma-

Aldrich) was purchased and resuspended in 1X PBS -/- at a concentration of 20  mgmL-1 

at stored at -20 °C until further use. To determine an appropriate concentration of 

poly(I:C) to use for intraperitoneal injection in time course experiments, poly(I:C) was 

injected at 100, 200, and 400 μg in 100 μL 1X PBS-/- and goldfish were analysed 24 

hours post injection. By analysing leucocyte infiltration, respiratory burst, NO production, 

and the IFN-inducible Mx gene expression I determined 200 μg was appropriate to use in 

further experiments.  

2.3 Isolation of goldfish serum 

 Blood samples were collected from the tail vein of individual goldfish using 23-

gauge needle attached to a 1 mL syringe. Blood samples were then immediately placed in 

BD Vacutainer tubes with clot activator gel for serum separation (BD Biosciences, 

yellow cap tube) Following collection blood was allowed to clot at room temperature for 

10 minutes. Blood collection tubes were then centrifuged at 485 xg for 20 minutes at 4 °C. 

Serum samples were then collected and stored with protease inhibitor cocktail 8340 

(Sigma-Aldrich) at -20 °C until use in further experiments. 

2.4 Isolation of goldfish leucocytes and supernatants  

 

2.4.1 Hema3 staining 

 Cells were fixed by incubation in Solution I for 1 minute, using the HEMA3 

manual staining system (Fisher Scientific), stained in Solution II for 1 minute and 

counter-stained in solution III for 20 seconds. Excess stain was removed by rinsing with 
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distilled water, and stains were air-dried prior to observation using bright field 

microscopy. Photomicrographs were generated using a DM1000 microscope (Leica) 

using a bright field 100x objective (1000x magnification). Images were acquired using 

QCapture software.  

2.4.2 Sudan Black staining 

 One hundred thousand cells were spun on glass slides at 55 xg for 6 minutes at 

room temperature using a cytocentrifuge (Shandon Instruments). For Sudan black 

staining (Sigma), cells were fixed with a 75% gluteraldehyde: 25% acetone fixative 

solution for 1 minute at 4 °C. Slides were then rinsed well with distilled water and stained 

with Sudan Black for 5 minutes with continuous, gentle agitation. Slides were thoroughly 

rinsed with 70% ethanol to remove excess Sudan Black staining and further rinsed in 

distilled water. Cells were counterstained with Gill’s 3 solution (Sigma) for 5 minutes 

and rinsed with tap water for 2 minutes. Slides were air dried prior to observation using 

bright-field microscopy as described above.  

2.4.3 Isolation of kidney leucocytes 

 Goldfish were anesthetized with TMS and sacrificed by cervical dislocation. The 

kidney was removed and placed into a petri dish containing ice-cold incomplete medium 

(MGFL-15) (Tables 2.2, 2.3, 2.4). The kidney was gently homogenized using a wire 

mesh screen and collected by washing the screen with incomplete MGFL-15. The 

suspension was then allowed to sit for 5 minutes at room temperature to allow debris to 

settle and the cells were collected into a new conical tube. Cells were centrifuged at 311 

xg for 10 minutes at 4 °C and supernatant removed. The pellets were resuspended in 1.5 

mL ACK lysis buffer (Gibco) and incubated at room temperature for 3 minutes. Ten mL 
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incomplete MGFL-15 was then added and cells were centrifuged at 311 xg for 10 

minutes at 4 °C. Cells were then resuspended in incomplete MGFL-15, placed on ice, 

counted using a haemocytometer, and used for various assays.   

2.4.4 Isolation of peritoneal leucocytes 

 Isolation of goldfish peritoneal leucocytes was performed by peritoneal lavage. 

Goldfish were anesthetized with TMS and sacrificed by cervical dislocation. An incision 

was made tracing around the left pectoral fin to create a window. Ten mL of ice-cold 1X 

PBS-/- was injected into fish, 1 scale above the mid-line, approximately 2/3 of the length 

of the fish using a hooked 18-gauge needle. Lavage fluid was collected from the 

peritoneal window in a 50 mL conical tube. The contents of the tube were immediately 

placed on ice until further use.  

2.4.5 Isolation of mononuclear cells 

 Leucocytes were isolated as described above, and resuspended in incomplete 

MGFL-15. Cells were then layered over a 51% Percoll solution (51 mL Percoll, 10 mL 

10X PBS-/-, 39 mL incomplete MGFL-15) and centrifuged for 25 minutes at 400 xg at 

4 °C. Cells at the 51% Percoll/medium interface were collected and transferred into a 

new conical tube and washed twice with incomplete MGFL-15 (centrifuged at 311 xg for 

10 minutes at 4 °C). Cells were placed in a 5 mL polystyrene round bottom tube (BD 

Falcon) and mononuclear cells were allowed to adhere for 4 hours. The non-adherent 

lymphocytes were then removed by decanting the supernatant. Isolation of mononuclear 

cells was confirmed by Hema3 staining. 
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2.4.6 Isolation of neutrophils 

 Leucocytes were isolated as described above and resuspended in incomplete 

MGFL-15. Cells were then layered over a 51% Percoll and centrifuged for 25 minutes at 

400 xg at 4 °C. All the liquid was decanted, leaving behind the erythrocyte/neutrophil 

pellet. The pellet was resuspended using ACK lysis buffer as described above to lyse 

erythrocytes. Neutrophils were then washed twice with 10 mL of incomplete MGFL-15. 

2.4.7 Isolation of supernatants 

 Peritoneal lavage fluid was centrifuged at 411 xg for 10 minutes at 4 °C. 

Supernatants were then immediately placed in a new conical tube and either used 

immediately or prepared for analysis by Western blotting. When supernatants were being 

analysed by Western blot, samples were diluted 1:1 in non-reducing 2X Laemmli buffer 

(Table 2.5) and boiled for 5 minutes. Samples were then stored at -20 °C with protease 

inhibitor until further use. When fish were subject to peritoneal lavage and samples were 

going to be used for protein analysis by Western blot commercially purchased ovalbumin 

(Sigma) was added to 1X PBS-/- prior to use in peritoneal lavage at a concentration of 10 

mgL-1. This was for subsequent use as a loading control when cells were removed and 

supernatants analysed. 

2.5 Cell bioassays 

2.5.1 Respiratory burst assay 

 Cells were harvested following activation by peritoneal lavage at the indicated 

time point and placed into 5 mL polystyrene round bottom tubes (BD Falcon). Cells were 

resuspended in 1X PBS-/-. Dihydrorhodamine (DHR, Molecular Probes) was added to 
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cells at a final concentration of 10 μM and incubated for 5 minutes at 20 °C to allow cells 

to uptake DHR. Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) was then added 

at a final concentration of 100 ngmL-1. Cells were incubated for an additional 30 

minutes at 20 °C to allow oxidation of DHR. All samples were staggered with respect to 

timing to accommodate for the transient state of oxidized DHR fluorescence. Proportion 

of fluorescent cells was determined using a flow cytometer (BD FACSCanto II). All flow 

cytometric profiles were analysed using the gating strategy as outlined in Figure 2.2. 

2.5.2 Nitric oxide assay 

 Cells were harvested following activation by peritoneal lavage at the indicated 

time point and placed into 5 mL polystyrene round bottom tubes. Cells were resuspended 

in 1X PBS-/-. 4-Amine-5-Methylamino-2’7’-Difluorofluorowscein Diacetate (DAF-FM 

Diacetate, Molecular Probes) was added to the cells at a final concentration of 1 μM and 

incubated for 45 minutes at 20 °C to allow DAF-FM diactate to enter the cells and be 

converted, by intracellular esterases, to the membrane impermeable DAF-FM. Cells were 

then washed with 1 mL of 1X PBS-/- to remove any excess DAF-FM diacetate and the 

incubated for an additional 30 minutes at 20 °C to allow complete de-esterification of the 

intracellular diacetates. Intracellular DAF-FM binds to nitric oxide, forming a fluorescent 

benzotriazole derivative. All samples were staggered with respect to timing to 

accommodate for the transient state of fluorescence. Proportion of fluorescent cells was 

determined using a flow cytometer (BD FACSCanto II). All flow cytometric profiles 

were analysed using the gating strategy as outlined in Figure 2.3 
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2.5.3. Cellular infiltration 

 Cells were harvested following activation by peritoneal lavage at the indicated 

time point. Cells were counted using a haemocytometer. Within these time points 

changes in cellular numbers were largely associated with cellular infiltration.  

2.5.4 Apoptotic cells 

 Primary kidney leucocytes were isolated a described above (2.4.3). Total 

leucocytes were then suspended in MGFL-15 supplemented with 10% heat-inactivated 

fetal calf serum (Gibco), 5% heat-inactivated carp serum, 100 UmL-1 penicillin, 100 

UmL-1 streptomycin, and 100 μgmL-1 gentamicin. Apoptotic cells were generated by 

incubating cells for 24 hours at 20 °C in the presence of 10 μgmL-1 cyclohexamide. 

Apoptotic cells were then washed twice in 1X PBS-/- (311 xg for 10 minutes at 4 °C).  

2.6 Detection of transferrin cleaving activity 

 

2.6.1 Detection of transferrin cleavage ability 

 Detection of transferrin cleaving activity was performed by incubating 2.5 

μgmL-1 of commercially purchased bovine transferrin (Sigma) with various supernatants 

and cell preparations believed to contain enzymes capable of cleaving transferrin. All 

incubations with bovine transferrin were performed for 4 hours at 20 °C. Transferrin 

cleavage was subsequently detected by Western blot analysis using commercially 

purchased rabbit anti-bovine transferrin (Abexxa) as the primary antibody.  

2.6.2 Cellular lysis assay  

 Goldfish leucocyte sub-populations were isolated as described above. To detect 
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transferrin cleavage ability of leucocyte sub-populations 1.0 x 106 cells were placed into 5 

mL polystyrene round bottom tubes, centrifuged at 311 xg for 10 minutes at 4 °C and all 

liquid gently removed by aspiration. MilliQ water was then added for 1 minute to lyse all 

cells, and then the lysed suspension was equilibrated with an appropriate volume of 10X 

PBS -/-. The cellular preparation was then incubated with bovine transferrin in a total 

volume of 500 μL in 5 mL polystyrene round bottom tubes. After incubation the entire 

preparation was immediately diluted 1:1 in non-reducing 2X Laemmli buffer and boiled 

for 10 minutes. Samples were then stored at -20 °C with protease inhibitor until further 

use.   

2.6.3 Soluble enzyme cleavage of bovine transferrin 

 Goldfish serum was isolated as described earlier. Peritoneal lavage supernatants 

were isolated as described earlier, however 3 mL of ice-cold 1X PBS-/- was used instead 

of 10 mL. To detect transferrin cleavage ability of goldfish serum was incubated with 

purified bovine transferrin. Goldfish serum was diluted 1:4 with 1X PBS-/- in a final 

volume of 500 μL in 5 mL polystyrene bound bottom tubes. To detect the transferrin 

cleavage ability of peritoneal lavage supernatants bovine transferrin was incubated in 500 

μL of peritoneal lavage supernatant in 5 mL polystyrene round bottom tubes. After 

incubation the entire preparation was immediately diluted 1:1 in non-reducing 2X 

Laemmli buffer and boiled for 5 minutes. Samples were then stored at -20 °C with 

protease inhibitor until further use.   

2.6.4 Leucocyte processing of bovine transferrin cleavage products 

 Bovine transferrin cleavage products were generated by incubating peritoneal 

lavage supernants, isolated from fish 18 hours post-zymosan injection, with 2.5 μgmL-1 



 40 

of commercially purchased bovine transferrin ex vivo for 4 hours at 20 °C in 5 mL 

polystyrene round bottom tubes. Inflammatory leucocytes were isolated by peritoneal 

lavage 18 hours post-zymosan injection and one million (1 x 106) inflammatory 

leucocytes were incubated with the cleaved bovine transferrin preparation for the 

indicated time at 20 °C. The suspension was then centrifuged at 400 x g for 10 minutes 

and the supernatants collected, diluted 1:1 in non-reducing 2X Laemmli buffer, boiled for 

5 minutes, and then stored at -20 °C with protease inhibitor until further use.  

2.6.5 Enzyme cleavage of bovine transferrin 

 To demonstrate that transferrin cleavage was facilitated by enzymes, opposed to 

another bioactive mediator, bovine transferrin was incubated with various preparations 

containing enzymes and then analysed by Western blot to detect transferrin cleavage 

products. The various preparations were: (1) 50 ngmL-1 commercially purchased porcine 

elastase IV (Sigma) incubated with 2.5 μgmL-1 bovine transferrin (1:50 enzyme/protein 

mix) at 37 °C for 4 hours; (2) one million (1.0x106) inflammatory leucocytes isolated 18 

hours post zymosan injection, lysed as previously described (2.6.2), and incubated with 

bovine transferrin at 18 °C for 4 hours; (3) peritoneal supernatants isolated 18 hours post 

zymosan injection and incubated with bovine transferrin at 18 °C for 4 hours; and as a 

negative control (4) sterile 1X PBS-/- incubated with bovine transferrin ) at 37 °C for 4 

hours. Two parallel preparations were also analysed where a) boiled for 5 minutes prior 

to the introduction of bovine transferrin to denature the enzymes and b) samples were 

incubated with protease inhibitors.   

2.6.6 Detection of in vivo transferrin cleavage products 

 Supernatants from peritoneal lavage was isolated as described earlier. To detect in 
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vivo goldfish transferrin cleavage products samples were analysed by Western blot using 

rabbit anti-carp transferrin polyclonal antibody (9AG7), kindly donated by Dr. Miodrag 

Belosevic. Peritoneal lavage supernatants were collected at the indicated time point after 

peritoneal injection with the indicated stimulus, immediately diluted 1:1 in non-reducing 

2X Laemmli buffer, and boiled for 5 minutes. Samples were then stored at -20 °C with 

protease inhibitor until further use.   

2.7 semi-Quantitative PCR 

2.7.1 RNA isolation 

 RNA was isolated from peritoneal lavage cells using a Qiagen RNeasy kit 

(Qiagen) according to manufactures specifications. Briefly, cells were lysed in Buffer 

RLT. One volume of 70% ethanol was added to the lysate and applied to the spin column. 

Columns were centrifuged at 8000 xg for 15 seconds at room temperature and washed 

with Buffer RW1. Columns were centrifuged at 8000 xg for 15 seconds at room 

temperature. Columns were then washed with Buffer RPE and centrifuged at 8000 xg for 

2 minutes at room temperature. The column was then placed in a new 1.5 mL 

microcentrifuge tube and 50 μL of nuclease-free water (Ambion) was added. To elute 

RNA, columns were centrifuged at 8000 xg for 1 minute at room temperature. The 

nucleic acid concentration was quantified using a Nanodrop apparatus at an absorbance 

of 260 nm. Samples were also read at absorbance’s of 230 nm and 280 nm to determine 

phenolic and protein contamination.  

2.7.2 cDNA synthesis 

 cDNA synthesis was performed using SMARTScribe Reverse Transcriptase 

(Clontech) according to the manufactures protocol using poly-dT. Total RNA was used 
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for first-strand cDNA synthesis using SMARTScribe Reverse Transcriptase (Clontech). 

RNA was incubated with 0.5 μL of oligo (dT) primer and 0.5 μL of 3’ CDS primer  

(Table 2.6) at 72 °C for 3 minutes. Then the following was combined in a master mix and 

added to the reaction mixture such that each reaction contained: 2 μL 5X first strand 

buffer (Clontech), 1 μL of 10 μM dNTPs, 1 μL 20 mM dithiothreitol (Clontech), and 1 

μL of SMARTScribe-RT (100 UμL-1). The contents were gently mixed and then 

incubated at 42 °C for 60 minutes. Second strand synthesis was performed by adding 90 

μL of a master mix such that each reaction contained the following: 10 μL 10X PCR 

buffer (1 mM TrisHCl, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.01% w/v gelatin), 72.6 

μL nuclease-free water, 5 μL 5’ PCR primer (Table 2.6), 1.6 μL 25 mM dNTP’s, and 0.8 

μL Taq/PFU DNA polymerase mix (100:1). The reaction was then incubated as follows: 

95 °C for 30 seconds, 50 °C for 30 seconds, 72 °C for 15 minutes. 

 

2.7.3 RT-PCR conditions  

 RT-PCR was performed to determine the relative abundance of transcripts present 

in peritoneal leucocytes. Primers used amplify mRNA transcripts were ordered from 

Integrated DNA Technologies (Table 2.7).  Target mRNA transcripts were amplified by 

combining the following reagents in order into a master mix such that each reaction 

contained the following: 40.3 μL nuclease-free water, 5 μL 10X PCR buffer, 0.8 μL 

dNTPs (25 mM), 1.2 μL of forward and reverse primers (25 mM), and 0.5 μL DNA 

polymerase (5U/μL). The master mix was gently mixed and then 49 μL was added to 

each tube. Finally, 1 μL of the appropriate cDNA template was added and samples 

immediately placed in a thermocycler using the following parameters: (1) 94 °C, 3 
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minutes; (2) 94 °C, 1 minute; (3) 60 °C, 1 minute; (4) 72 °C, 1 minute and 30 seconds; 28 

cycles of step (2) – (4); (5) 72 °C, 10 minutes. Bands were visualized by separation on a 

1% agarose gel. Gels were stained with an ethidium bromide solution for 20 minutes, 

followed by destaining in distilled water for 10 minutes. Gel images were acquired using 

an AlphaImager 2200 (Alpha Innotech).  

2.8 SDS-PAGE electrophoresis and Western blot analysis 

2.8.1 SDS-PAGE electrophoresis 

 Samples were analysed by non-reducing SDS-PAGE using the methods originally 

described by Laemmli (Laemmli, 1970). Samples were electrophoresed through 5% 

stacked, 10% continuous separating polyacrylamide gels at 110 V for 1 hour and 45 

minutes. Electrophoresis was carried out in SDS-running buffer (Table 2.8). Proteins 

were then transferred onto 0.2 μm nitrocellulose membranes at 100 V for 60 minutes in 

transfer buffer (Table 2.9).  

2.8.2. Western blot analysis 

After protein transfer, nitrocellulose sheets were washed once with Tween 

20/Tris-buffered saline TBS-T (Table 2.10) and then placed in blocking buffer (5% skim 

milk powder (w/v) (BD Difco) in TBS-T). Nitrocellulose sheets were incubated in 

blocking buffer on a rocking platform for 60 minutes at room temperature. Nitrocellulose 

sheets were cut along the 50-kDa molecular weight marker and incubated separately in 

primary antibody. The appropriate primary antibody was then added to the blocking 

buffer at the following dilutions to detect full-length, and cleaved transferrin products: (1) 

full-length bovine transferrin; 11000-1, (2) cleaved bovine transferrin; 1750-1; (3) full-

length goldfish transferrin; 110 000-1; (4) cleaved goldfish transferrin; 1750-1. The 
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nitrocellulose sheets were incubated on a rocking platform overnight at 4 °C. Protein 

bands were visualized using a horseradish peroxidase conjugated goat anti-rabbit IgG (H 

+ L) secondary antibody (JacksonImmunoResearch). Briefly, the primary antibody was 

removed by extensive washing with TBS-T. The secondary HRP-conjugated antibody 

was added to the nitrocellulose sheets in blocking buffer at a 125 000-1 dilution. The 

nitrocellulose sheet was incubated for 60 minutes at room temperature on a rocking 

platform. Secondary antibody was removed by extensive washing with TBS-T. The bands 

were visualized using the WesternBright ECL substrate (Advansta), according to 

manufactures protocol.  

 Nitrocellulose sheets were then washed twice in TBS-T and then incubated with 

stripping buffer (200 mM glycine, 0.1% (w/v) SDS, 0.1% Tween 20, pH 2.2) for 10 

minutes on a rocking platform at room temperature. Nitrocellulose sheets were then 

extensively washed with TBS-T, incubated in blocking buffer for 60 minutes at room 

temperature, and incubated with mouse anti-ovalbumin monoclonal antibody (Santa 

Cruz) at a 11000-1 dilution on a rocking platform overnight at 4 °C. Protein bands were 

visualized using a horseradish peroxidase conjugated goat anti-mouse IgG (H + L) (R&D 

Systems) secondary antibody at a dilution of 125 000-1 and WesternBright ECL 

substrate as previously described. Membranes were imaged with film (Kodak).  

2.8.3. Optimization of Western blot conditions 

2.8.3.1 Reducing vs. non-reducing conditions 

 To determine if samples could be analysed in reducing conditions, identical 

samples were prepared: a 12000-1 dilution of goldfish serum, peritoneal lavage fluid 

from a non-injected goldfish, and peritoneal lavage fluid from a fish injected with 
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zymosan. Samples were then diluted 1:1 in either non-reducing 2X Laemlli buffer, or 

reducing 2X Laemmli buffer (Table 2.6). Samples were then subject to SDS-PAGE and 

Western blotting as described above (Figure 2.4).  

2.8.3.2. Preparation of a positive control of transferrin cleavage products 

 To generate a positive control for goldfish transferrin cleavage products for use in 

Western blot increasing concentrations of neutrophil lysate, isolated by peritoneal lavage 

and lysed as described earlier, was incubated with 10% goldfish serum for 4 hours at 

20 °C. Isolation of neutrophils was confirmed by FACS plot, Hema3 staining, and Sudan 

black staining as described above (Figure 2.5). Samples were then subject to SDS-PAGE 

and Western blotting as described above (Figure 2.6).  

2.8.3.3. Preparation of an exposure control when samples were separated across 

multiple gels 

 When samples that were run on separate gels were being compared a positive 

exposure control was prepared, that consisted of a master mix of diluted goldfish serum. 

This master mix would be loaded into two lanes of each gel, at either end of the gel 

(Figure 2.7).  

2.9 Analysis 

 All flow cytometry data was collected on a FACSCanto II flow cytometer (BD 

Biosciences) and data was analysed using FCS Express software. Statistics were 

performed using Prism 4 software (GraphPad Prism). Densitometry analysis for RT-PCR 

was performed by uploading images to ImageJ and relative band intensity was 

determined for each band relative to the β-actin control.  



 46 

 

Table 2.1 – Composition of 10X PBS-/-. 

Component Amount (g) 

KCl 2.00 

KH2PO4 2.00 

NaCl 80.00 

Na2HPO47H2O 21.60 

MilliQ water (18.2) Top to up 1 L 
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Table 2.2 – Composition of incomplete MGFL-15 media. 

Component Amount 

HEPES 7.00 g  

KH2PO4 0.688 g 

K2HPO4 0.57 g 

NaOH 0.75 g 

NaHCO3 0.34 g 

10X Hanks Balanced Salt Solution* 80 mL 

MEM amino acid solution 25 mL 

MEM non-essential amino acid solution 25 mL 

Sodium pyruvate 25 mL 

MEM vitamin solution 20 mL 

Nucleic acid precursor solution** 20 mL 

L-glutamine 0.5844 g 

Insulin 0.01 g 

GFL-15*** 1000 mL 

-mercaptoethanol 7 μL 

MilliQ water (18.2) Top up to 2 L 

*See table 2-3 for composition 

*See table 2-4 for composition 

***GFL-15 is made by mixing DMEM and Leibovitz-15 media powders in 2 L of MilliQ.  
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Table 2.3 – Composition of nucleic acid precursor solution.  

Component Amount (g) 

Adenosine 0.067 

Cytidine 0.061 

Hypoxanthine 0.03 

Thymidine 0.061 

Uridine 0.061 

MilliQ water (18.2) 100 mL 
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Table 2.4 – Composition of 10X Hank’s Balance Salt Solution 

Component Amount (g) 

KCl 2.00 

KH2PO4 0.30 

NaCl 40.00 

Na2HPO47H2O 0.45 

D-glucose 5.00 

Phenol red 0.05 

MilliQ water (18.2) Top up to 500 mL 
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Table 2.5 – Composition of non-reducing 2X Laemmli buffer.  

Component Amount 

Sodium dodecyl sulfate 0.40 g 

Glycerol 2 mL 

0.5 M Tris HCl 2.5 mL 

Bromophenol blue Pinch 

MilliQ water (18.2) Top up to 10 mL 

*for reducing 2X Laemmli buffer 1 mL of MilliQ water was substituted with 1 mL -

mercaptoethanol 
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Table 2.6 – Primers used in cDNA synthesis 

Primer Sequence (5’ – 3’) 

5’ oligo AAG CAG TGG TAT CAA CGC AGA GTA CG 

3’ CDS poly T AAG CAG TGG TAT CAA CGC AGA GTA TT 

5’ PCR AAG CAG TGG TAT CAA CGC AGA GT 
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Table 2.7 – Primer sequences used for RT-PCR.   

Primer Sequence (5’ – 3’) 

iNOS forward GGA GGT ACG TCT GCG AGG AGG CT 

iNOS reverse CCA GCG CTG CAA ACC TAT CAT CCA 

Transferrin forward GCT CAT CTC GTT TCT GGC GTG CC 

Transferrin reverse GAT CAG CAC CAG GAG CGC AGC C 

Mx forward ACA GAA GGA ACT GGA GGC GTA 

Mx reverse CGC AGG TTC CTC CAA CAG C 

β-actin forward CGA GCT GCG TGT TGC CCC TGA G 

β-actin reverse CGG CCG TGG TGG TGA AGC TGT AG 
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Table 2.8 – Composition of SDS Running Buffer 

Component Amount (g) 

Tris 30.00 g 

Glycine 144.00 g 

Sodium dodecyl sulfate 10.00 g 

MilliQ water (18.2) Top up to 10 L 
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Table 2.9 – Composition of Transfer Buffer 

Component Amount 

Tris 12.16 g 

Glycine 57.68 g 

Methanol 800 mL 

MilliQ water (18.2) Top to 4 L 
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Table 2.10 – Composition of TBS-T 

Component Amount 

NaCl 29.22 g 

1M Tris HCl 40 mL 

10 % Tween-20 40 mL 

MilliQ water (18.2) Top up to 4L 
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Figure 2.1 – Aeromonas veronii growth curve. A. veronii was grown at room 

temperature for 8 hours. Every hour a 1 mL aliquot was removed. Optical density (OD) 

and colony forming units (CFU) were determined for each time point. 
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Figure 2.2 – DHR gating strategy for ROS production. Samples were collected on a 

BD FACSCanto II flow cytometer and analysed using FCS express. (A) Scatter plot 

depicting the relative internal complexity (SSC-A) and size (FSC-A) of leucocytes 

isolated by peritoneal lavage from non-injected goldfish. (B) Histogram depicting the 

relative Alexa-floura 488 fluorescence positivity from leucocytes gated in (A). (C) 

Scatter plot depicting the relative internal complexity (SSC-A) and size (FSC-A) of 

leucocytes isolated by peritoneal lavage 18 hours post-zymosan injection  (D) Histogram 

depicting the proportion of leucocytes considered positive for DHR staining from those 

gated in (C). 
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Figure 2.3 – DAF-FM diacetate gating strategy for NO production. Samples were 

collected on a BD FACSCanto II flow cytometer and analysed using FCS express. (A) 

Scatter plot depicting the relative internal complexity (SSC-A) and size (FSC-A) of 

leucocytes isolated by peritoneal lavage from non-injected goldfish. (B) Histogram 

depicting the relative Alexa-floura 488 fluorescence positivity from leucocytes gated in 

(A). (C) Scatter plot depicting the relative internal complexity (SSC-A) and size (FSC-A) 

of leucocytes isolated by peritoneal lavage 24 hours post-zymosan injection  (D) 

Histogram depicting the proportion of leucocytes considered positive for DAF-FM 

diacetate staining from those gated in (C). 
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Figure 2.4 – Reducing v. non-reducing. Under reducing conditions 9AG7 is unable to 

detect transferrin. Two sets of three samples were prepared for Western blotting in the 

absence (a-c) or presence (d-f) of β-mercaptoethanol. The three samples were (a/d) – 

1:2000 dilution of goldfish, C. auratus, serum, (b/e) – Peritoneal lavage fluid from non-

injected fish, (c/f) – Peritoneal lavage from zymosan injected fish. 
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Figure 2.5 – Isolation of neutrophils. Goldfish, C. auratus, were injected 

intraperitoneally with 2.5 mg of zymosan and non-adherent cells were harvested 18 hours 

post injection. Erythrocytes were lysed and neutrophils were isolated using a percoll 

gradient. Neutrophils were evaluated using (A) FACS plot. (B) Modified Wright-Giesma 

stain. (C) Sudan black stain. 
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Figure 2.6 – Goldfish transferrin is cleaved by neutrophil lysate in a dose-dependent 

manner. Increasing concentrations of neutrophil lysate was incubated in the presence of 

10% goldfish serum for 4 hours at 18 °C. Samples were then subject to Western blotting 

to detect the presence of native and cleaved transferrin. The concentration of neutrophil 

lysate used was (a) 250 000 cells. (b) 500 000 cells. (c) 1 000 000 cells. (d) 2 000 000 

cells. 
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Figure 2.7 – Exposure control when samples were run across multiple gels. When 

time-course samples were run over multiple gels a master mix of serum was loaded in all 

gels to be able to normalize the amount of native form present in Western blots.  
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Chapter 3: Cleaved transferrin as an early marker of acute 

inflammation in goldfish, Carassius auratus 

3.1 Introduction 

 The historical role of transferrin is as an iron transport protein, delivering iron to 

cells. However transferrin is an evolutionary conserved protein, with homologues in 

organisms as distant as marine-algae, that has been shown to have many other biological 

functions (Lambert, 2012). Transferrin has been shown to play a role in maturation of 

leucocytes (Evans et al., 1989; Macedo et al., 2004), sequestering iron from invading 

pathogens (Ellis, 2001; Skaar, 2010), and is a highly conserved acute phase protein 

(Bayne and Gerwick, 2001; Cray et al., 2009; Xie et al., 2002a; Yoshiga et al., 1997). 

Transferrin also participates directly in bacterial killing, preventing bacterial growth 

(Ibrahim et al., 1998; Ibrahim et al., 2000; van der Kraan et al., 2004; Yun et al., 2009). 

In vitro endogenous cleavage of transferrin can activate teleost and murine macrophages 

(Haddad and Belosevic, 2009; Stafford and Belosevic, 2003; Stafford et al., 2001) while 

full-length ovotransferrin can activate avian macrophages and granulocytes (Xie et al., 

2002b). Indeed, transferrin is a multifunctional immune molecule capable of initiating 

early activation events during immune responses, but also participating in the effector 

responses against pathogens.    

 Although cleaved transferrin has been shown to activate macrophages in vitro the 

presence of endogenously produced cleaved transferrin products has not been shown in 

vivo. Given the plethora of functions attributed to transferrin during the initiation and 

effector stages during immune responses cleaved transferrin may have a significant role 

during the early initial activation events of acute inflammation. Acute inflammation is a 

tightly regulated, highly conserved process, in response to tissue damage or pathogen 
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invasion. Acute inflammation is typically characterized by rapid recruitment of 

macrophages and neutrophils to the inflammatory site, subsequent production of soluble 

mediators and induction of anti-microbial responses (Serhan and Savill, 2005). Current 

markers of acute inflammation have focused on these early events, specifically the 

production of pro-inflammatory cytokines such as TNF-α, IL-1β, and IFN-γ. These 

current markers of acute inflammation are typically synthesized and utilized rapidly, and 

are present in small quantities (Cui et al., 2000). Given that transferrin, and transferrin-

like molecules in addition to macrophages, and macrophage-like cells are found in almost 

all organisms I propose that transferrin may be a highly conserved immune molecule, that 

plays a integral role in the initiation events of acute inflammation in several evolutionary 

groups. Transferrin is also typically present in high quantities, 2 – 5 mgmL-1 (Regoeczi 

and Hatton, 1980), making it an excellent candidate to be a good comparative marker of 

early events during acute inflammation.  

 In this chapter I will use a self-resolving, non-infectious, model of acute 

inflammation in goldfish, Carassius auratus, to evaluate the presence of cleaved 

transferrin products in vivo. I will also use several well-defined characteristics of the 

inflammatory site to correlate the appearance of transferrin fragments to the magnitude of 

acute inflammatory responses. Specifically I will evaluate the magnitude of leucocyte 

infiltration, respiratory burst, and NO responses. The main objectives of this chapter were 

to (1) demonstrate the presence of endogenous production of cleaved transferrin in vivo 

and (2) assess the ability of cleaved transferrin products to serve as a comparative marker 

of acute inflammation with differential inflammatory stimuli.  
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3.2 Results 

 

3.2.1 Intraperitoneal injection of zymosan induces robust anti-microbial responses 

 In mammals, intraperitoneal administration of zymosan induces a robust 

inflammatory response, characterized by rapid neutrophil influx and synthesis of pro-

inflammatory prostaglandins (Doherty et al., 1985). This self-resolving model of acute 

inflammation has also been adapted and well characterized for use in goldfish previously 

(Havixbeck et al., 2016; Rieger et al., 2015; Rieger et al., 2012). To characterize the 

microenvironment at the inflammatory site and help separate the induction, effector, and 

resolution phases of acute inflammation I evaluated the magnitude of leucocyte 

infiltration, respiratory burst, and NO production (Figure 3.1). Similar to previous work I 

observed that leucocyte infiltration (Figure 3.1A) and respiratory burst (Figure 3.1B) 

reached maxima 18 hours post injection while NO production, or accumulation, by 

leucocytes reached a maximum 24 hours post injection (Figure 3.1C). All parameters 

returned to homeostatic levels by 72 hours post injection (Figure 3).  

3.2.2 Zymosan peritonitis induces expression of iNOS 

 In vitro cell culture of teleost macrophages has shown an increase in iNOS 

expression as early as 2 hours post stimulation (Stafford and Belosevic, 2003). I aimed to 

investigate the gene expression of iNOS by peritoneal leucocytes at the inflammatory site 

to determine if de novo iNOS synthesis correlated with the production of NO. RT-PCR 

and iNOS specific primers were used to evaluate iNOS gene expression by peritoneal 

leucocytes in vivo. Intraperitoneal administration of zymosan induced iNOS expression as 

early as 4 hours post-injection in all treatment groups (Figure 3.2). Maximum iNOS 
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expression peaks in all groups by 24 hours post challenge, returning to homeostatic levels 

by 72 hours post challenge.  

3.2.3 Zymosan peritonitis induces endogenous cleavage of transferrin in vivo 

 Endogenous, enzyme mediated, production of transferrin cleavage products in 

teleost systems has been previously shown in vitro (Jurecka et al., 2009; Stafford et al., 

2001). I used Western blotting with a rabbit anti-carp transferrin primary antibody, 9AG7, 

to evaluate the presence of cleaved transferrin products at the inflammatory site, along 

with the banding patterns and abundance of full-length transferrin present in the serum 

and the inflammatory site (Figure 3.3). I show for the first time endogenously produced 

transferrin cleavage products in vivo (Figure 3.3C). These cleavage fragments are present 

only after immune challenge. There is also a large degree of heterogeneity in cleavage 

product banding patterns. There was no apparent correlation between the amount of full-

length transferrin detected and the time after immune challenge (Figure 3.3A, B). This 

heterogeneity is present both in the serum and the peritoneum. I also noted the detection 

of the polymorphic variants in the native transferrin molecules noted in previous studies 

(Yang et al., 2004).  

3.2.4 Intraperitoneal injection of heat-killed Aeromonas veronii induces robust anti-

microbial responses 

 Aeromonas species have been shown previously to induce anti-microbial 

responses in several teleost systems (Antipa and Amend, 1977; Chandran et al., 2002; 

Rodríguez et al., 2008). To evaluate the potential for differential leucocyte mediated 

responses compared to the zymosan peritonitis model I evaluated the leucocyte 

infiltration, respiratory burst, and NO responses of goldfish injected intraperitoneally 
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with 5.0 x 106 C.F.U. of heat-inactivated A. veronii. This revealed a similar 

microenvironment compared zymosan peritonitis model (Figure 3.1). Leucocyte 

infiltration and respiratory burst responses reached maxima 18 hours post injection while 

NO production reached a maximum 24 hours post injection (Figure 3.4). However the 

magnitude of leucocyte infiltration and respiratory burst were lower than responses 

observed during zymosan peritonitis. Anti-microbial responses returned to homeostatic 

levels by 72 hours post injection.   

3.2.5 Heat-killed Aeromonas veronii induces endogenous cleavage of transferrin in 

vivo 

 In addition to characterizing the microenvironment post-challenge with heat-

killed A. veronii I aimed to determine if injection of heat-killed A. veronii could induce 

the endogenous cleavage of transferrin to produce immunostimulatory transferrin 

cleavage products. Indeed, addition of exogenous transferrin has been shown to enhance 

the ability of macrophages to produce NO when challenge with Aeromonas species 

(Stafford and Belosevic, 2003). I used Western blotting with the primary rabbit anti-carp 

transferrin polyclonal antibody, 9AG7, to evaluate the presence of transferrin cleavage 

products at the inflammatory site. Similar to zymosan, injection of heat-inactivated A. 

veronii induced the generation of transferrin cleavage products in vivo at the 

inflammatory site (Figure 3.5). There was no correlation between the amounts of full-

length transferrin present and the time post challenge (Figure 3.5A, B). The appearance 

of cleavage products was present only after administration of A. veronii (Figure 3.5C). I 

also noted a large degree of heterogeneity in the banding pattern of cleavage products.  
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3.2.6 Injection of 200 μg and 400 μg poly(I:C) induces leucocyte anti-microbial 

responses 

 To determine an appropriate dose of poly(I:C) to use in intraperitoneal injection 

time course experiments poly(I:C) was titrated, using 100 μg, 200 μg, and 400 μg in 100 

μL of 1X PBS-/-. Previous work in rainbow trout has shown differential gene expression 

of the NADPH oxidase units when stimulated with poly(I:C) when compared to zymosan 

and LPS stimulation (Boltaña et al., 2009). To monitor successful induction of 

inflammatory microenvironment Mx gene expression was analysed in addition to 

leucocyte infiltration, respiratory burst, and NO production 24 hours post challenge 

(Figure 3.6). Intraperitoneal administration of 200 μg and 400 μg poly(I:C) resulted in 

significant amounts of leucocyte influx (Figure 3.6A), NO production (Fiureg 3.6C), and 

Mx gene expression (Figure 3.6d). There was no difference in the amount of respiratory 

burst with any amount of poly(I:C) used (Figure 3.6B), and there was no significant 

difference between 200 μg and 400 μg. Therefore 200 μg was chosen for further 

experiments investigating poly(I:C).  

3.2.7 Intraperitoneal injection of Poly(I:C) induces anti-microbial responses 

 To examine how the inflammatory microenvironment may differ upon challenge 

with an intracellular inflammatory stimulus, poly(I:C), compared to the extracellular 

inflammatory stimuli, zymosan and heat-inactivated A. veronii, used in previous 

experiments I challenged goldfish with 200 μg of poly(I:C) and evaluated the leucocyte 

infiltration, respiratory burst, and NO production (Figure 3.7). Leucocyte infiltration 

reached a maximum 24 hours post challenge (Figure 3.7A), while NO production reached 

a maximum 12 hours post challenge (Figure 3.7C). Respiratory burst responses remained 
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at basal levels throughout the time course experiments (Figure 3.7B). The number of 

leucocytes and the proportion of leucocytes producing or accumulating NO were less 

than both the zymosan and A. veronii model.   

3.2.8 Poly(I:C) induces endogenous cleavage of transferrin in vivo 

 Finally, I investigated the ability of poly(I:C) to induce the production of 

transferrin cleavage products post-challenge. I used Western blotting with the primary 

rabbit anti-carp transferrin polyclonal antibody, 9AG7, to evaluate the presence of 

endogenously cleaved transferrin products post-challenge with poly(I:C). Western blot 

analysis of peritoneal lavage supernatants from poly(I:C) injected fish indicated that 

poly(I:C) also induces endogenous cleavage of full-length transferrin in vivo (Figure 3.8). 

Transferrin cleavage products were present as early as 2 hours post challenge. Similar to 

zymosan and A. veronii, there was no correlation in the amount of full-length transferrin 

present in the serum, or peritoneum with poly(I:C) challenge (Figure 3.8A, B). There was 

similar heterogeneity in banding patterns of cleavage products as noted previously 

(Figure 3.8C). 

3.2.9 Sterile inflammation does not produce transferrin cleavage products  

 To determine that transferrin cleavage products were generated in response to 

pathogenic challenge rather than induction of sterile inflammation with 1X PBS-/- I 

injected goldfish with sterile saline and examined the presence of transferrin cleavage 

products in peritoneal lavage fluid using Western blotting with the primary rabbit anti-

carp transferrin polyclonal antibody, 9AG7. A positive control of peritoneal lavage fluid 

isolated a zymosan injected fish was used to determine adequate exposure to demonstrate 

absence of transferrin cleavage products. Transferrin cleavage products were not detected 
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during the time points examined (Figure 3.9). There was no correlation with the amount 

of full-length transferrin present after challenge with saline (Figure 3.9A).  

3.3 Discussion 

 Inflammation is a critical process that is required for the clearance of pathogens 

and restoration of homeostasis. However poor regulation mechanisms of inflammatory 

control can lead to devastating side effects. Failure to induce acute inflammation can lead 

to uncontrolled pathogen proliferation, while a loss of control can lead to development of 

chronic inflammatory diseases (Serhan and Savill, 2005). Activation of resident 

macrophages is crucial for the effective initiation of acute inflammation and propagation 

of subsequent events of acute inflammation (Soehnlein and Lindbom, 2010). 

Traditionally, pathogen associated molecular patters (PAMPs) have been regarded as the 

primary activators of acute inflammation, binding to pattern recognition receptors (PRRs) 

on resident leucocytes, that then initiate an immune response (Kawai and Akira, 2010). 

However in addition to leucocytes being able to discriminate self from non-self 

molecules, they are able to differentiate between healthy- and damaged-self molecules, 

danger associated molecular patterns (DAMPs) (Zhang and Mosser, 2008). These 

endogenous damaged molecules share many similarities to PAMPs, and in some cases 

also bind to the same PRRs. Recently transferrin fragments have been shown to activate 

teleost and murine macrophages in vitro (Haddad and Belosevic, 2009; Stafford et al., 

2001). Transferrin fragments may also contribute to the early activation events of acute 

inflammation in vivo by acting as a DAMP. Given that transferrin, and transferrin-like 

molecules are found in almost all organisms (Lambert, 2012; Lambert et al., 2005) 
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cleaved transferrin products could be an excellent comparative marker of the pro-

inflammatory phase of acute inflammation.   

 Current markers of the pro-inflammatory phase of acute inflammation have 

focused on cytokines, such as TNF-α, IL-1β, and IFN-γ. Although these cytokines are 

important for inducing down-steam effects on leucocytes to propagate acute 

inflammation they are short-lived, and exert their effects in small quantities. In mammals, 

challenge with bacterial stimuli resulted in a maximum amount of TNF-α that decreased 

90 minutes post-stimulation. In the same study IL-1β decreased 3 hours post-stimulation 

(Hesse et al., 1988). In a murine model TNF-α production decreased 1 h after E. coli 

challenge (Cui et al., 2000). In goldfish TNF-α expression has been shown to return to 

homeostatic levels within 12 hours post zymosan challenge, while expression of both IL-

1β and IFN-γ return to basal levels within 24 hours (Havixbeck et al., 2016; Rieger et al., 

2015). Cleaved transferrin products were detectable as early as 8 hours post challenge 

with all pathogen challenges (Table 3.1). In some cases cleavage products were 

detectable as early as 2 hours post challenge (Table 3.1). This early appearance of 

cleavage products suggests that resident leucocytes may play a role in early transferrin 

cleavage events. However these cleavage products may be generated by proteases 

released into the inflammatory site by the adherent cell population surround the 

inflammatory site. Given that transferrin cleavage products were not seen in the serum, it 

is unlikely that an active protease is entering directly from the serum into the 

inflammatory site. Although the appearance of cleaved transferrin products is seen in all 

pathogen challenges examined in this study there is significant heterogeneity in the 

banding patterns, and the kinetics of cleavage product detection. The differential banding 
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patterns of cleavage products could have a multitude of contributing factors. First, the 

primary rabbit anti-carp transferrin polyclonal antibody, 9AG7, has differential sensitivity 

to various transferrin breakdown products, with several smaller break down products not 

even detectable by Western blot (Haddad and Belosevic, 2009). Second, transferrin is a 

polymorphic protein with three known isoforms characterized in goldfish ( 

 et al., 2004). The various polymorphic variants likely yield transferrin fragments of 

different molecular weights. Third, there is a diverse array of extracellular matrix 

proteases expressed during acute inflammation that may contribute to differential 

transferrin cleavage. Ultimately, although the primary antibody used, 9AG7, was useful 

in identifying transferrin cleavage products given the limited repertoire of transferrin 

break down products it can detect, given the plethora of fragments potentially generated, 

a more useful technique to identify transferrin cleavage products would be the use of 

mass spectrometry.   

 A further complicating factor in detection of cleaved transferrin products is, to 

date; it is not known what receptor cleaved transferrin products bind. Previous studies 

have suggested that cleaved transferrin exerts its anti-microbial induction effects through 

TLR binding, given the similarity in macrophage responses when treated with PAMPs or 

cleaved transferrin products (Haddad and Belosevic, 2009; Jurecka et al., 2009; Stafford 

and Belosevic, 2003; Stafford et al., 2004). In examining the anti-microbial mechanisms 

of leucocytes in vivo along with the appearance of transferrin cleavage products it was 

apparent that the leucocyte responses were more uniform than the appearance of cleaved 

transferrin products. All of the pathogen mimics, or heat-inactivated pathogens, used 

stimulated leucocytes through well-characterized PRRs. Specifically, zymosan, a fungal 
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mimic, primarily stimulates leucocytes through dectin-1 and TLR-2 (Dillon et al., 2006). 

Heat-inactivated A. veronii, a gram-negative bacterium, would primarily stimulate 

through TLR-4 (Medzhitov, 2001). Finally, poly(I:C), a double stranded RNA molecule 

stimulates leucocytes through TLR-3 (Alexopoulou et al., 2001). Interestingly, these 

three inflammatory stimuli resulted in differential kinetics of leucocyte mediated anti-

microbial responses. Most notably was the marked increase in respiratory burst responses 

noted with fungal (Figure 3.1B) and bacterial (Figure 3.4B) challenges, not seen in the 

viral challenge (Figure 3.7 B). Previous work in my lab has characterized the leucocyte 

and respiratory kinetics of zymosan peritonitis in goldfish, closely following the results 

seen in these experiments (Havixbeck et al., 2016; Rieger et al., 2015; Rieger et al., 2012). 

By investigating the nitric oxide response of inflammatory leucocytes I added an 

additional anti-microbial response to this well characterized model (Figure 3.1 C). The 

shift in NO production compared to respiratory burst is likely due to the need for 

leucocytes to produce iNOS de novo  (Figure 3.2) (Korhonen et al., 2005).  In addition to 

the need to synthesize iNOS, the primary substrate for NO production, L-arginine, is a 

by-product of respiratory burst, resulting in a subsequent delay in the accumulation of L-

arginine from respiratory burst, and then degradation of L-arginine for NO production 

(Neumann, 1999).  

 Although the kinetics of cleaved transferrin products detected in these 

experiments indicate that cleaved transferrin products would not be a reliable marker of 

acute inflammation, more importantly these experiments reveal the presence of 

endogenously produced cleaved transferrin products in vivo. Given the consistency 

among anti-microbial leucocyte responses and the heterogeneity of cleaved transferrin 
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products this suggests that initiation of an immune response is not dependent on 

transferrin cleavage, however transferrin cleavage may be complimentary, and not 

redundant, to the induction of acute inflammation in vivo.   
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Table 3.1 – Table of maximum leucocyte mediated responses and transferrin 

cleavage products during kinetic experiments 

 Maximum 

leucocyte 

infiltration 

Maximum 

respiratory 

burst 

Maximum NO 

production 

1st appearance 

of transferrin 

cleavage 

products 

Zymosan 18 hours 18 hours 24 hours 8 hours 

Heat-killed  

A. veronii 

18 hours 18 hours 24 hours 4 – 8 hours 

Poly(I:C) 24 hours Not detected 12 hours 2 – 4 hours 
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Figure 3.1 – Zymosan induces anti-microbial responses of goldfish leucocytes. 

Goldfish were injected intraperitoneally with 2.5 mg of zymosan (A) Non-adherent 

leucocytes were isolated by peritoneal lavage and enumerated using a haemocytometer. 

(B) Respiratory burst in isolated leucocytes was determined using DHR. (C) NO in 

isolated leucocytes was determined using DAF-FM diacetate. n = 4 
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Figure 3.2 – Zymosan induces increased iNOS expression in goldfish leucocytes. 

Goldfish were injected with 2.5 mg of zymosan. Non-adherent leucocytes were harvested 

by peritoneal lavage and frozen at -80oC until RNA isolation. RNA was isolated from 

total cells using a Quiagen RNeasy kit for cells and tissue according to manufacturers 

instructions. Total RNA was used for cDNA synthesis. cDNA was used as template in 

PCR reactions to amplify iNOS, expected size 600 b.p., and β-actin, expected size 350 

b.p. n = 3. PCR products were amplified with the following conditions (1) 95 oC; 3 

minutes, (2) 95 oC; 30 seconds, (3) 60 oC; 30 seconds, (4) 72 oC; 90 seconds, 28 cycles of 

(2) – (4), (5) 72 oC; 10 minutes.    
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Figure 3.3 – Zymosan induces endogenous cleavage of full-length transferrin in vivo. 

Goldfish were injected with 2.5 mg of zymosan (A) Serum samples were collected from 

the tail vein of individual goldfish at the indicated time point 0 – 72 hours post injection 

and probed for full-length transferrin, approximate molecular weight 65 – 67 kDa, using 

polyclonal rabbit antibody 9AG7. (B - C) Goldfish were subject to peritoneal lavage and 

supernatants collected at the indicated time point 0 – 72 hours post injection, 

corresponding to goldfish used in (A). Supernatants were probed for full-length (B) and 

cleaved-transferrin (C), approximate molecular weights 65 – 67 kDa and 33 – 37 kDa 

respectively, using 9AG7. (D) Peritoneal lavage Western blots were stripped and probed 

for ovalbumin using mouse monoclonal antibody (Santa Cruz Biotechnology), 

approximate molecular weight 42 kDa. Ovalabumin was added to 1X PBS-/- at a 

concentration of 10 mgL-1 prior to peritoneal lavage as an introduced loading control. 
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Figure 3.4 – Heat-killed A. veronii induces anti-microbial responses in goldfish 

leucocytes. Goldfish were injected intraperitoneally with 5.0 x 106 C.F.U. of heat-killed 

A. veronii. (A) Non-adherent leucocytes were isolated by peritoneal lavage and 

enumerated using a haemocytometer. (B) Respiratory burst in isolated leucocytes was 

determined using DHR. (C) NO in isolated leucocytes was determined using DAF-FM 

diacetate. n = 4 
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Figure 3.5 – Heat-killed A. veronii induces endogenous cleavage of full-length 

transferrin in vivo. Goldfish were injected with 5.0 x 106 C.F.U. heat-killed A. veronii. 

(A) Serum samples were collected from the tail vein of individual goldfish at the 

indicated time point 0 – 72 hours post injection and probed for full-length transferrin, 

approximate molecular weight 65 – 67 kDa, using polyclonal rabbit antibody 9AG7. (B - 

C) Goldfish were subject to peritoneal lavage and supernatants collected at the indicated 

time point 0 – 72 hours post injection, corresponding to goldfish used in (A). 

Supernatants were probed for full-length (B) and cleaved-transferrin (C), approximate 

molecular weights 65 – 67 kDa and 33 – 37 kDa respectively, using 9AG7. (D) Peritoneal 

lavage Western blots were stripped and probed for ovalbumin using mouse monoclonal 

antibody (Santa Cruz Biotechnology), approximate molecular weight 42 kDa. Ovalbumin 

was added to 1X PBS-/- at a concentration of 10 mgL-1 prior to peritoneal lavage as an 

introduced loading control. 
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Figure 3.6 – 200 μg and 400 μg of poly(I:C) induces cellular infiltration, NO 

production and Mx gene expression in goldfish leucocytes. Goldfish, C. auratus, were 

injected intraperitoneally with the indicted amount of poly(I:C). Non-adherent cells were 

harvested by peritoneal lavage 24 hours post injection. (A) Total leucocytes were 

enumerated using a haemocytometer. (B) Respiratory burst in isolated leucocytes was 

determined with DHR (bottom). (C) NO in isolated leucocytes was determined with 

DAF-FM diacetate. n = 4 (D) Mx gene expression was determined using Mx specific 

primers at RT-PCR 24 h post Poly(I:C) injection. n = 3. *p<0.05, **p<0.01, ***p<0.005 

using 1-way analysis of variance.  
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Figure 3.7 – poly(I:C) induces cellular infiltration and NO production in goldfish 

leucocytes. Goldfish were injected intraperitoneally with 200 μg of poly(I:C)  (A) Non-

adherent leucocytes were isolated by peritoneal lavage and enumerated using a 

haemocytometer. (B) Respiratory burst in isolated leucocytes was determined using DHR. 

(C) NO in isolated leucocytes was determined using DAF-FM diacetate. n = 4 
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Figure 3.8 – poly(I:C) induces endogenous cleavage of full-length transferrin in vivo. 

Goldfish were injected with 200 μg of poly(I:C) (A) Serum samples were collected from 

the tail vein of individual goldfish at the indicated time point 0 – 72 hour post injection 

and probed for full-length transferrin, approximate molecular weight 65 – 67 kDa, using 

polyclonal rabbit antibody 9AG7. (B - C) Goldfish were subject to peritoneal lavage and 

supernatants collected at the indicated time point 0 – 72 hours post injection, 

corresponding to goldfish used in (A). Supernatants were probed for full-length (B) and 

cleaved-transferrin (C), approximate molecular weights 65 – 67 kDa and 33 – 37 kDa 

respectively, using 9AG7. (D) Peritoneal lavage Western blots were stripped and probed 

for ovalbumin using mouse monoclonal antibody (Santa Cruz Biotechnology), 

approximate molecular weight 42 kDa. Ovalabumin was added to 1X PBS-/- at a 

concentration of 10 mgL-1 prior to peritoneal lavage as an introduced loading control 
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Figure 3.9 – Injection of 1X PBS-/- does not produce transferrin cleavage products. C. 

auratus were injected with 100 l of 1X PBS-/-. Goldfish were subject to peritoneal 

lavage and supernatants collected at the indicated time point 0 – 72 hours post injection. 

Supernatants were probed for (A) full-length and (B) cleaved-transferrin, approximate 

molecular weights 65 – 67 kDa and 33 – 37 kDa respectively, using 9AG7. (C) Peritoneal 

lavage Western blots were stripped and probed for ovalbumin using mouse monoclonal 

antibody (Santa Cruz Biotechnology), approximate molecular weight 42 kDa. 

Ovalabumin was added to 1X PBS-/- at a concentration of 10 mgL-1 prior to peritoneal 

lavage as an introduced loading control. 
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Chapter 4: Production of transferrin cleavage products during 

acute inflammation in goldfish, C. auratus 

4.1 Introduction 

 

 Transferrin is a bi-lobed monomeric glycoprotein, of approximately 70 – 80 kDa, 

that is well known for its role in iron transport (Dautry-Varsat et al., 1983; Gkouvatsos et 

al., 2012; Harding et al., 1983; Johnson and Wessling-Resnick, 2012). Transferrin is part 

of a larger family of iron transport proteins that includes lactoferrin (Farnaud and Evans, 

2003) ovotransferrin (Giansanti et al., 2012), and melanotransferrin (Dunn et al., 2006). 

This molecule is believed to have evolved from a gene duplication event over 670 million 

years ago, due to the high homology of amino acid sequence, and tertiary structure 

between the N- and C-lobes (Lambert et al., 2005). The structure of transferrin is highly 

conserved throughout evolution with transferrins from different species sharing high 

structural and sequence homology (greater than 70% within mammalian lineages and 25 

– 30% primary amino acid sequence identity with insect transferrin) (Baker et al., 2002; 

Huebers et al., 1988).  More recently, there has been a growing appreciation for the role 

of transferrin in host defence. These include sequestration of iron from invading 

pathogens (Ellis, 2001; Skaar, 2010), direct killing of bacterial pathogens (Ibrahim et al., 

1998), contributions as an acute phase protein primarily inhibiting growth and 

proliferation of pathogens  (Bayne and Gerwick, 2001; Kovacevic et al., 2015), and 

activation of anti-microbial responses in macrophages in vitro (Jurecka et al., 2009; 

Stafford and Belosevic, 2003; Stafford et al., 2001). Notably, these contributions do not 

appear to be limited to transferrin, as other members of this family of proteins are also 

able to modulate inflammatory responses. For example, lactoferrin is synthesized and 
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released by cells undergoing apoptosis resulting in decreased neutrophil chemotaxis 

(Bournazou et al., 2009; Poon et al., 2014). Ovotransferrin has also been found to 

modulate IL-6, ROI and RNI production in avian macrophages as well as heterophil 

degranulation in vitro (Xie et al., 2002). 

  Serum transferrin is primarily synthesized in the liver and secreted into the blood 

(Lieu et al., 2001). Recently, it has been shown that, upon activation with inflammatory 

stimuli, teleost macrophages also express transferrin in vitro (Stafford and Belosevic, 

2003). In mammals full-length transferrin is approximately 80 kDa while in teleost fish 

the native transferrin is a polymorphic protein of 60 – 70 kDa (Yang et al., 2004). Upon 

cleavage teleost transferrin yields immunologically active peptides of 30 – 40 kDa 

(Stafford and Belosevic, 2003; Stafford et al., 2001). These cleavage products are 

conserved, with similarly sized transferrin breakdown products generated by 

Pseudomonas aeruginosa elastase in the bronchoalveolar lavage fluid of human cystic 

fibrosis patients, likely contributing to pathology (Britigan et al., 1993). Indeed, it has 

been shown that bovine and teleost cleavage products can induce anti-microbial 

responses in bovine and teleost macrophage systems, and vice-versa (Haddad and 

Belosevic, 2009; Stafford and Belosevic, 2003). The primary enzymes responsible for 

facilitating transferrin cleavage has not yet been identified, however elastase, trypsin, and 

chymotrypsin have all been shown to yield transferrin break down products (Haddad and 

Belosevic, 2009; Stafford, 2003). The resultant peptide fragments from different 

polymorphic variants of native teleost transferrin yield varying degrees of NO production 

(Jurecka et al., 2009). However, the ability of transferrin cleavage products to induce 
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anti-microbial responses appears to be the result of a conserved peptide sequence in the 

N-lobe that can cross react between species (Haddad and Belosevic, 2009).  

In this section of my thesis the goal for this study was to assess the production of 

transferrin cleavage products during the acute inflammatory process in vivo. It was 

hypothesized that cleaved transferrin products would be produced locally within an 

immune challenge site, contribute to antimicrobial responses of infiltrating leucocytes 

and display differential kinetics depending on the inflammatory stimulus. To test this 

hypothesis, I examined the role of transferrin in vivo using a self-resolving peritonitis 

model in goldfish, Carassius auratus, where acute inflammation was triggered via sterile 

or pathogen driven challenges. Both local and systemic immune responses were 

considered. A combinatorial gene expression- and protein analysis-based approach 

demonstrated a role for cleaved transferrin during teleost acute inflammation. In addition 

to transferrin being expressed at the inflammatory site by macrophages, I show 

endogenous transferrin cleavage products at the inflammatory site, which are not seen in 

the serum. Finally, I show that these resultant peptides are selectively produced during 

pathogen induced, but not sterile, inflammation.  

4.2 Results 

4.2.1 Transferrin is expressed by goldfish macrophages in vivo 

 It has been shown previously that mitogen activated total kidney leucocytes do 

not express transferrin, however cultured primary kidney macrophages express transferrin 

as early as 1 hour post stimulation in vitro (Stafford and Belosevic, 2003). The expression 

of transferrin by macrophages has also been shown in insects, birds, and mammals (Djeha 

et al., 1995; Xie et al., 2002; Yoshiga et al., 1997). To investigate the leucocyte 
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contributions to local production of transferrin during an inflammatory process, I first 

used RT-PCR and transferrin specific primers to detect the time point of maximum 

transferrin gene expression by infiltrating leucocytes following in vivo peritoneal 

stimulation with zymosan as a pathogen mimic (Figure 4.1). Kinetic analysis indicated 

that the macrophage subset upregulated transferrin expression as early as 8 hours 

following zymosan intraperitoneal injection, with an additional increase by 24 hours 

(Figure 4.1A). Expression of transferrin by peritoneal macrophages subsequently 

decreased by 48 hours post challenge, which corresponds to the resolution phase of acute 

inflammation in this animal challenge model (Havixbeck et al., 2016). In further 

evaluating the inducible expression of transferrin by the macrophage enriched population 

it was evident that transferrin expression is increased with pathogen-challenge, but not 

sterile challenge (Figure 4.1B).  Additionally, I found that macrophages, but not 

neutrophils, expressed transferrin following challenge, at a period corresponding to the 

peak of the acute inflammatory process (18 hours; Figure 4.1C; Havixbeck et al., 2016). 

A HEMA3 cytochemical stain of isolated cell populations confirmed the presence of 

leucocytes with classical macrophage and neutrophil morphology, respectively (Figure 

4.1D). This was further supported by classical flow cytometric profiles for macrophage 

and neutrophil enriched isolates, respectively (Figure 4.1E).  

4.2.2 Transferrin is cleaved by a endogenous enzyme at the inflammatory site 

 The transferrin-cleaving ability of endogenous leucocyte derived enzymes has 

been previously described (Jurecka et al., 2009; Stafford and Belosevic, 2003; Stafford et 

al., 2001). To further characterize the enzymes responsible for transferrin cleavage I 

isolated various protein and leucocyte preparations from the inflammatory in vivo 
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challenge site and examined their ability to cleave full-length transferrin.  Both non-

adherent leucocytes and soluble mediators from the site of inflammation were collected. I 

used an ex vivo approach, incubating bovine transferrin with various cell-free 

preparations to demonstrate the transferrin cleavage ability of a secreted enzymes (Figure 

4.2A). This active enzyme is present only at the inflammatory site, and not present in the 

serum. Transferrin cleavage products were detected as early as 8 h, and present as late as 

24 h post-stimulation with zymosan (Figure 4.2B). By 48 hours post-stimulation I was 

not able to detect transferrin cleavage products.  

 I then incubated bovine transferrin with lysed macrophage and neutrophil 

preparations to examine the potential for a leukocyte source of transferrin cleaving 

capacity at the inflammatory site. I found that multiple cell types can contribute to 

transferrin cleavage at the inflammatory site (Figure 4.2C). This is consistent with 

previous observations that show cell lysates from naïve cell populations (i.e. primary 

kidney leucocytes) and in vitro derived primary kidney macrophage cultures can facilitate 

transferrin cleavage (Jurecka et al., 2009; Stafford and Belosevic, 2003). Interestingly, 

the ability to cleave transferrin using cellular lysates was seen only when live cells 

isolated from the inflammatory site were used.  In contrast, lysates derived from primary 

kidney leucocyte apoptotic cell preparations did not yield detectable transferrin cleavage 

products (Figure 4.2C).  

 To confirm that enzymes were responsible for facilitating transferrin cleavage 

three preparations, and a negative control were analysed where the preparations were 

subject to enzyme inaction and inhibition. It was evident that porcine elastase, 

inflammatory leucocytes, and inflammatory supernatants posses the ability to cleavage 
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transferrin, albeit in different amounts (Figure 4.2D). However when these preparations 

were denatured (boiled) or inhibited (protease inhibitors) they were unable to facilitate 

detectable levels of transferrin cleavage.  

4.2.3 Goldfish peritoneal leucocytes internalize or degrade bovine transferrin 

cleavage products ex vivo 

 To examine the potential for leucocytes to process transferrin cleavage products I 

incubated inflammatory leucocytes with bovine transferrin cleavage products as 

generated earlier (4.2.2). These leucocytes were incubated with the bovine transferrin 

cleavage preparation for the indicated time point and then the supernatants were analysed 

by Western blotting to examine the disappearance of transferrin cleavage products 

(Figure 4.3). The amount transferrin cleavage products begin to decrease as early as 30 

minutes and are not detected by 1 hour post incubation. Controls omitting leucocytes 

indicated that the transferrin cleavage products do undergo significant degradation during 

the additional 2 hours incubation period.    

4.2.4 Transferrin products are present at the inflammatory site in vivo 

 To evaluate the presence of transferrin cleavage products at the inflammatory site 

I evaluated peritoneal exudate collected 18 hours post zymosan injection, corresponding 

to the peak pro-inflammatory response in goldfish (Havixbeck et al., 2016). I show for 

the first time endogenously produced transferrin cleavage products in vivo present only at 

an inflammatory site (Figure 4.4) but not in the serum (data not shown). I also note that 

cleaved transferrin products were present only in pathogen-induced, but not sterile 

inflammation. Both native forms of transferrin were seen in serum and the peritoneum 

(Figure 4.4). I was able to detect polymorphic variants in the native form observed 
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previously (Yang et al., 2004). The pattern of cleavage products collected in vivo also 

display a large degree of heterogeneity compared to pattern observed in other teleost 

systems (Stafford et al., 2001) (Figure 4.4).  

4.2.4 Transferrin cleavage are produced in pathogen-induced, but not sterile 

inflammation 

  The addition of exogenous transferrin has been shown to strengthen the 

anti-microbial response of cultured goldfish macrophages to a diverse array of different 

pathogens, and pathogen products (Stafford and Belosevic, 2003). To evaluate the 

presence of endogenously produced cleaved transferrin products under multiple 

inflammatory conditions I compared sterile and pathogen-induced processes and further 

used a suite of non-proliferative pathogen-derived inflammatory triggers (Figures 4.4 and 

4.5). I determined that cleaved transferrin products were produced only in pathogen 

induced, but not sterile inflammation (Figure 4.4). Further, transferrin cleavage products 

were differentially generated based on the non-proliferative pathogen-derived 

inflammatory trigger used. Whereas zymosan and heat-killed A. veronii intraperitoneal 

challenge yielded robust production of transferrin cleavage products at the earliest time 

point examined post-challenge (8 hours), poly(I:C) only showed detectable production of 

transferrin cleavage products 24 hours post-challenge (Figure 4.6A-C). 

 Given that transferrin cleavage products have been reported to play a role in the 

induction of leucocyte anti-microbial responses (Jurecka et al., 2009; Stafford and 

Belosevic, 2003; Stafford et al., 2001) I investigated the kinetics of these leucocyte 

mediated responses, attempting to correlate them with the appearance of transferrin 

cleavage products. To evaluate the leucocyte mediated responses to multiple pathogenic 

stimuli I used zymosan in addition to heat-inactivated bacteria - Aeromonas veronii, and 
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the viral mimic Poly(I:C) (Figure 4.6) to induce inflammation and then evaluate the 

kinetics of anti-microbial responses. I found that the patterns of leucocyte infiltration to 

the inflammatory site among the three pathogen-challenges exhibited marked differences 

with leucocyte infiltration reaching maximum at 18 hours for zymosan and A. veronii but 

24 hours, for Poly(I:C) (Figure 4.6A). I also noticed that the pattern of anti-microbial 

responses (i.e. respiratory burst and NO) between zymosan, A. veronii, and Poly(I:C) 

were significantly different with robust respiratory burst (Figure 4.6B) and NO (Figure 

4.6C) responses when using zymosan and A. veronii, whereas Poly(I:C) only induced 

minimal NO responses and did not appear to induce a respiratory burst response.   

4.3 Discussion 

 The presence of endogenously derived transferrin cleavage products in vivo 

confirms previous observations, from in vitro cell culture systems, that cleaved transferrin 

fragments may contribute to acute inflammation by activating macrophages (Haddad and 

Belosevic, 2009; Jurecka et al., 2009; Stafford and Belosevic, 2003; Stafford et al., 2001). 

An endogenous soluble enzyme is produced at the acute inflammatory site that 

contributes a diverse array of transferrin cleavage products detectable by Western blot. 

These are preferentially produced following pathogen-driven inflammation and not sterile 

inflammation. Further, differential kinetics for production of transferrin cleavage 

products are exhibited following different pathogen derived triggers. It remains to be 

determined if these differential kinetics reflect specialization of the transferrin cleavage 

response to different pathogens. Alternatively, it may reflect differential sensitivity of the 

host to each of the in vivo triggers used (Poynter and DeWitte-Orr, 2015). 
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Previous work shows the ability of transferrin cleavage products to induce anti-

microbial responses are associated with conserved peptide sequence in the N-lobe that 

can cross react between species (Haddad and Belosevic, 2009). However, based on the 

significant heterogeneity observed in the pattern of transferrin cleavage products 

observed at the peritoneal challenge site, it remains unclear if a multitude of non-

functional fragments are generated to liberate this key conserved functional sequence, or 

whether multiple products with perhaps distinct antimicrobial functions are generated 

during the transferring cleavage process in vivo. The generation of several transferrin 

cleavage products detected by Western blot could be due to a multitude of factors. One 

contributing factor is that there are a diverse array of enzymes secreted at the 

inflammatory site both by inflammatory leucocytes and the adherent cell populations that 

could facilitate the generation of multiple breakdown products (Gerwitz et al., 2001). In 

addition there are three known isoforms of the full-length transferrin in C. auratus (Yang 

et al., 2004) that could result in breakdown products of various molecular weights. It is 

noteworthy that the cleavage products detected by using the rabbit anti-carp transferrin 

polyclonal primary antibody are representative of several transferrin fragments generated, 

of which smaller fragments are not detected by Western blot but have been previously 

characterized by mass spectrometry (Haddad and Belosevic, 2009). Despite the fact that 

the immunologically active transferrin-derived peptide sequence, TMAP, has previously 

been identified (Haddad and Belosevic, 2009) it is possible that additional functional 

transferrin breakdown products are generated, contributing to leucocyte responses 

through engagement of multiple receptors. These functional fragments will need to be 
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further defined as additional reagents (e.g. antibodies to specific cleavage products) 

become available to increase our resolution capacity to this biological phenomenon.  

 Our results add to previous observations that activated macrophages increase 

expression of transferrin in response to inflammatory stimuli (Stafford and Belosevic, 

2003). This increase in expression was also seen only in pathogen-driven, but not sterile 

inflammation, with transferrin gene expression by macrophage enriched populations 

increasing in response to pathogen-challenge. However, we show that teleost peritoneal 

macrophages constitutively express a basal level of transferrin prior to activation with 

inflammatory stimuli. Previous work showed that non-activated cultured teleost 

macrophages did not express transferrin, but expressed transferrin as early as 1 hour post 

stimulation (Stafford and Belosevic, 2003). However, in vivo, murine peritoneal 

macrophages display a low level of basal transferrin expression that is up-regulated with 

cytokine stimulation (Djeha et al., 1995). It was evident that inflammatory neutrophils did 

not express full-length transferrin, however this does not preclude neutrophils from 

expressing an alternate splice variant of a truncated from of transferrin.   

 Previous studies have shown that an unknown leucocyte derived enzyme, present 

in cell lysate preparations and supernatants of mitogen stimulated kidney leucocytes can 

cleave transferrin (Stafford and Belosevic, 2003; Stafford et al., 2001). Our recent work 

has shown that in a model of zymosan induced peritonitis goldfish neutrophils are the 

primary infiltrating leucocyte, comprising approximately 50% of the leucocyte 

population at the peak pro-inflammatory phase (Havixbeck et al., 2016). These teleost 

neutrophils also possess distinct immunoregulatory phenotypes, with early-infiltrating 

neutrophils displaying a distinct pro-inflammatory phenotype, whereas neutrophils at 
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later stages of the response display a pro-resolution phenotype (Havixbeck et al., 2016). 

However it was evident that there was no significant difference in the capacity of pro-

inflammatory and pro-resolving neutrophil lysates to generate transferrin cleavage 

products. Indeed, this ability was also present with early- and late-infiltrating macrophage 

and monocyte populations, suggesting that these leucocytes subsets posses enzymes 

capable of facilitating transferrin cleavage. However, given the significantly greater 

number of neutrophils present during the peak pro-inflammatory response we propose 

that neutrophils are the primary cell type responsible for transferrin cleavage in vivo. 

Although the identity of the enzyme(s) capable of producing transferrin cleavage 

products remains elusive one enzyme that is secreted in copious amounts at the 

inflammatory site by both pro-inflammatory neutrophils, and macrophages is elastase 

(Faurschou and Borregaard, 2003; Takemura and Werb, 1984). Previous work has also 

shown that elastase can cleave goldfish transferrin into immunostimulatory fragments 

(Stafford, 2003). Elastase is a well-established component of secretory neutrophil 

granules (Faurschou and Borregaard, 2003) and is a significant component of neutrophil 

extracellular traps, NETs (Yipp et al., 2012).  

 Zymosan induced peritonitis in goldfish has been shown to serve as a robust 

model to examine both the pro-inflammatory and resolution phases of the acute 

inflammatory response. However we look to characterize the ability of multiple 

pathogenic triggers to generate transferrin breakdown products, and correlate the 

appearance of these products with the microenvironment at the inflammatory site with 

three classical markers of acute inflammation (leucocyte influx, respiratory burst, and 

NO). Similar to recent work we found that zymosan induced robust leucocyte influx and 
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respiratory burst responses (Havixbeck et al., 2016; Rieger et al., 2015). Additionally we 

characterized the nitric oxide response of infiltrating leucocytes, finding a delay in the 

peak NO response compared to leucocyte influx and respiratory burst, shifting from 18 

hours post injection to 24 hours post injection. This delay is likely the result of leucocytes 

having to synthesize inducible nitric oxide synthase (iNOS) de novo to produce 

significant quantities of anti-microbial NO (Korhonen et al., 2005). The differential 

capacity of the different pathogens and pathogen-mimics to induce varying levels of 

antimicrobial responses could reflect the differential sensitivity of the host to the suite of 

inflammatory-challenges used in these experiments (Poynter and DeWitte-Orr, 2015). 

Interestingly, we note that transferrin cleavage products were only detected at the latest 

time point examined using poly(I:C), however there were minimal respiratory burst and 

nitric oxide responses. This presents this presents the possibility that induction of 

respiratory burst and nitric oxide are not pre-requisites for the generation of transferrin 

cleavage products (for example both respiratory burst and NO production are low at 24 

hours post-injection of Poly(I:C) yet we still see generation of transferrin cleavage 

products (Figure 4.5, Figure 4.6B, C) . However in all cases the presence of transferrin 

cleavage products correlates with leucocyte infiltration (Figure 4.5, Figure 4.6A).  

 Transferrin has previously been shown to act as an acute phase protein produced 

in response to bacterial infection. This mechanism is highly conserved being observed in 

diverse systems, including arthropods (Yoshiga et al., 1999; Yoshiga et al., 1997), teleost 

fish (Bayne and Gerwick, 2001), and humans (Cray et al., 2009). Although in fish and 

mammals transferrin is primarily produced in the liver (Bayne and Gerwick, 2001; Lieu 

et al., 2001) increased production of transferrin by resident macrophages may represent a 
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primitive innate defence mechanism developed in lower evolutionary lineages (Yoshiga 

et al., 1999; Yoshiga et al., 1997). Indeed, it has been observed that pathogens have 

adapted various mechanisms to combat host-iron sequestration by degradation of host 

transferrin in diverse groups. Pseudomonas aeruginosa derived elastase has been shown 

to degrade transferrin making more iron available to proliferating pathogens in humans 

(Britigan et al., 1993), whereas Trypanoplasma borreli will internalize and digest 

transferrin in its lysosomal compartment, eventually releasing transferrin cleavage 

products back into the host, the common carp, Cyprinus carpio (Ruszczyk et al., 2008). 

The ability of transferrin cleavage products to activate macrophages, combined with its 

appearance with multiple pathogenic stimuli, adds to a growing body of evidence that 

suggests cleaved transferrin belong to a diverse suite of self-derived DAMP’s, which 

include heat-shock proteins, fibronectin fragments, lactoferrin fragments, and hyaluronan 

fragments (Zhang and Mosser, 2008). On the other hand, it remains unclear whether 

activation of macrophages by endogenously cleaved transferrin is an adaptation acquired 

by teleost fish or an ancient conserved mechanism present in other taxa. It also remains 

unclear whether there is a differential role for macrophage-produced transferrin at the 

inflammatory site compared to serum transferrin. Macrophage-produced transferrin may 

act in an autocrine/paracrine fashion to induce the early macrophage-facilitated events 

during acute inflammation, which are then propagated with the influx of serum transferrin 

and inflammatory leucocytes upon activation.  

 This study indicates that cleaved transferrin products contribute to acute 

inflammation in teleost fish. Given the conservation of transferrin or transferrin-like 

molecules, as well as macrophages or macrophage-like cells across the animal kingdom, 
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cleaved transferrin products may represent conserved immunostimulatory molecules 

belonging to the “alarmins” family of molecules. This study provides insight into a 

potentially primitive mechanism of inflammatory control present in lower vertebrates in 

addition to the diverse roles of transferrin, and members of the transferrin family of 

proteins, in immunoregulation. 
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Figure 4.1 – Transferrin is expressed by macrophages, but not neutrophils, at the 

inflammatory site. RT-PCR was used to detect the expression of transferrin mRNA in 

goldfish peritoneal leucocytes. (A) Macrophages were isolated at the indicated time point 

after injection with zymosan and PCR-amplified with transferrin specific primers. 

Densitometry was used to quantify differences in transferrin band intensity (B) 

Macrophages and neutrophils were isolated 24 hours after injection with the indicated 

stimulus and PCR-amplified with transferrin specific primers. Densitometry was used to 

quantify differences in transferrin band intensity. (C) Modified Wright-Giesma straining 

and (D) flow cytometry FACS plots were used to asses purity of isolated leucocyte 

populations. *P<0.05 using 1-way analysis of variance compared to non-injected, 

**P<0.01 using 1-way analysis of variance compared to non-injected, +P<0.05 using 1-

way analysis of variance compared to 24 hours post-injection.  
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Figure 4.2 – Goldfish leucocytes produce a soluble mediator capable of contributing 

to transferrin cleavage. Goldfish were injected with 2.5 mg of zymosan and then 

various preparations were incubated with 2.5 μgmL-1 of commercially purchased bovine 

holo-transferrin for 4 hours at 20 °C. Samples were separated by SDS-PAGE and 

analysed by Western blot using commercially purchased bovine-transferrin polyclonal 

antibody as described in section 2.  (A) Serum samples and peritoneal lavage fluid was 

collected from goldfish injected with 2.5 mg of zymosan 18 h post injection and 

incubated with bovine transferrin. (B) Peritoneal lavage fluid supernatants were collected 

from zymosan-injection fish at the indicated time point and incubated with bovine 

transferrin. (C) Macrophages and neutrophils were isolated at the indicated time point 

post zymosan-injection, lysed, and incubated with bovine transferrin. AC PKL – 

Apoptotic primary kidney leucocytes. (D) Bovine holo-transferrin was incubated with 

various preparations to evaluate transferrin-cleaving ability. Preparations were: 1 – 

Porcine elastase, 2 – peritoneal leucocyte lysate, 3 – peritoneal supernatant, 4 – 1X PBS-/-.  
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Figure 4.3 – Goldfish leucocytes internalize or degrade transferrin cleavage 

products ex vivo. Goldfish were subject to peritoneal lavage with 3 mL of ice-cold 1X 

PBS-/- 18 hours post injection. Lavage fluid was centrifuged at 400g for 10 minutes and 

supernatants collected. Peritoneal lavage supernatant samples were incubated with 2.5 

μgmL-1 commercially purchased bovine holo-transferrin for 3h at 20 °C. A second 

goldfish was then subject to peritoneal lavage with 10 mL of ice-cold 1X PBS-/- 18 h post 

injection, and leucocytes enumerated using a haemocytometer. 1.0 x 106 leucocytes were 

then added to each tube of digested bovine transferrin and incubated for the indicated 

time at 20 °C. After the indicated time samples were then centrifuged at 400 g for 10 

minutes and supernatants analyzed by Western blot. (A) full-length (approximate 

molecular weight 66 – 67 kDa) and (B) cleaved bovine transferrin (approximate 

molecular weight 33 – 37 kDa) with commercial polyclonal rabbit anti-bovine transferrin 

antibody (Abexxa). n = 3 
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Figure 4.4 – Goldfish produce transferrin cleavage products at the inflammatory 

site in vivo. Various samples were collected from goldfish injected with either 1X PBS-/- 

or 2.5 mg of zymosan 18 hours post injection. Samples were then separated by SDS-

PAGE and analysed by Western blot for full-length and cleaved transferrin, approximate 

molecular weights 65 – 67 kDa and 33 – 37 kDa respectively, using polyclonal rabbit 

antibody 9AG7. Peritoneal lavage Western blots were stripped and probed for ovalbumin 

using mouse monoclonal antibody, approximate molecular weight 42 kDa. Ovalbumin 

was added to 1X PBS-/- at a concentration of 10 mgL-1 prior to peritoneal lavage as an 

introduced loading control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

75 

50 

75 

50 

25 

37 

50 

37 

Zymosan 1X PBS-/- 
MW (kDa) 

Serum Transferrin 

(full-length) 

Peritoneal Transferrin 

(full-length) 

Peritoneal Transferrin 

(cleaved) 

Ovalbumin 

(loading control) 



 112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5 – Goldfish produce transferrin cleavage products with multiple 

inflammatory stimuli. Peritoneal lavage samples were collected from goldfish injected 

with the indicated inflammatory stimuli at the indicated time point, as described in 

section 2. (A) Goldfish were injected with 2.5 mg of zymosan. (B) Goldfish were injected 

with 5.0 x 106 C.F.U. of heat-killed A. veronii. (C) Goldfish were injected with 200 μg of 

Poly(I:C). Samples were then separated by SDS-PAGE and analysed by Western blot for 

cleaved transferrin using 9AG7 as the primary antibody. Western blots were then stripped 

and probed for ovalbumin as loading control.  
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Figure 4.6. Intraperitoneal injection of pathogens and pathogen mimics induces 

leucocyte infiltration, respiratory burst, and NO responses. Goldfish were injected 

with either 2.5 mg of zymosan, 5.0 x 106 CFU of heat-inactivated A. veronii, or 200 μg of 

Poly(I:C). Cells were harvested by peritoneal lavage at the indicated time point. (A) 

Leucocytes per lavage at the indicated time point was determined by counting with a 

haemocytometer. (B) Respiratory burst in isolated leucocytes was determined by DHR 

staining. (C) NO production or accumulation was determined by DAF-DM diacetate 

staining. *P<0.05 using 2-way analysis of variance and Bonferonni post-hoc test 

compared to pro-inflammatory peaks, **P<0.01 using 2-way analysis of variance and 

Bonferonni post-hoc test compared to pro-inflammatory peaks.  
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Chapter 5: General Discussion and Conclusions 

5.1 Summary of findings 

 Acute inflammation is an intricate response that is triggered by noxious stimuli 

and conditions, such as pathogen invasion and tissue damage. Induction of acute 

inflammation is triggered by recognition of pathogens or damaged tissue by pattern 

recognition receptors (PRRs) on tissue-resident macrophages. Binding of stimuli to PRRs 

leads to the production of inflammatory cytokines, influx of plasma proteins, and 

recruitment of leucocytes to the inflammatory site. Traditionally, activation of acute 

inflammation has focused on exogenous stimuli such as PAMPs, virulence factors, 

allergens, and other foreign bodies (Medzhitov, 2008). However, towards the end of the 

20th century Polly Matzinger proposed the danger model of immunity, whereby a host can 

not only discriminate between self-and non-self molecules, but healthy- and damaged-self 

molecules (Matzinger, 1994). Damaged tissue arises from injury or infection. During the 

effector phase of pathogen-induced inflammation professional phagocytes produce toxic 

effector molecules including ROS, NO, and release toxic granules containing proteases. 

These effector molecules do not discriminate between pathogens and host tissues, causing 

collateral damage to host tissues (Serhan and Savill, 2005; Soehnlein and Lindbom, 

2010).   

5.1.1 Summary of data and conclusions  

 The main focus of my M.Sc. was to characterize the production and contributions 

of cleaved transferrin products at the inflammatory site in vivo. Using an in vivo model of 

self-resolving inflammation in goldfish, C. auratus, I was able to show for the first time 

the endogenous production of cleaved transferrin products in vivo. Transferrin cleavage 
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products have been seen in other systems, specifically found in the bronchoalveolar 

lavage fluid of cystic fibrosis patients infected with Pseudomonas aeruginosa (Britigan et 

al., 1993), however these cleavage products were likely the result of pathogen 

degradation rather than endogenous cleavage (Britigan et al., 1992). In this chapter I will 

provide a summary of my findings, and propose a model of transferrin cleavage and 

subsequent leucocyte activation in response to pathogen-induced inflammation. I will 

also propose future experiments to further characterize this model and discuss the 

relevance of my findings.  

 I initially found that transferrin cleavage products are present at an inflammatory 

site in vivo (chapter 3). There is a significant volume of work that has characterized 

transferrin cleavage products using in vitro primary macrophage systems in multiple 

teleost species (Haddad and Belosevic, 2009; Jurecka et al., 2009; Stafford and Belosevic, 

2003; Stafford et al., 2001). In these systems transferrin cleavage products were found to 

induce, and enhance the anti-microbial activity of macrophages resulting in increased NO 

production, up-regulation of cytokines, and increased leucocyte chemotaxis. The 

leucocyte-mediated responses (infiltration, respiratory burst, and NO) were extremely 

consistent within the various pathogens, and pathogen mimics used. However there was 

significant heterogeneity within transferrin-cleavage product banding patterns. Although 

my work did not investigate the ability of cleaved transferrin products to induce acute 

inflammation, this work suggests that cleaved transferrin products are complimentary and 

not redundant to successful induction of anti-microbial responses. This complimentary 

would be evident as the presence of cleaved transferrin products were not a pre-requisite 

for the induction of antimicrobial responses, however given the ability of cleaved 
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transferrin to induce antimicrobial responses in vitro would likely play some role in either 

resident leucocyte activation, or further activation steps of infiltrating leucocytes. The 

heterogeneity in transferrin cleavage product banding patterns could be due to a multitude 

of factors, including inability of the primary antibody used in Western blot to detect 

smaller transferrin cleavage products, the potential for differential cleavage of the various 

isoforms of the full-length transferrin, the potential of rapid uptake of transferrin cleavage 

products by inflammatory leucocytes, and the plethora of extracellular proteases released 

during inflammation. My results also highlight the possible coordination of both 

pathogen-induced inflammatory cascades with danger-associated patterns generated 

during the early stages of acute inflammation.    

 I then further looked to investigate the contributions of transferrin to acute 

inflammation in vivo. Transferrin has been well characterized as an acute phase protein, 

being up-regulated by macrophages in response to infection (Cray et al., 2009). This 

phenomenon is highly conserved with inducible transferrin expression in macrophages 

seen in insects (Yoshiga et al., 1999; Yoshiga et al., 1997), teleost fish (Stafford and 

Belosevic, 2003), birds (Xie et al., 2002a), and mammals (Djeha et al., 1995). I further 

characterized this phenomenon by showing that inflammatory macrophages, but not 

neutrophils exhibit inducible transferrin expression in vivo (chapter 4). Interestingly 

peritoneal macrophages showed a basal level of constitutive transferrin expression, not 

seen with in vitro primary kidney macrophages cultures (Stafford and Belosevic, 2003). 

However, in vivo, peritoneal macrophages from mice exhibit a basal level of constitutive 

expression (Djeha et al., 1995). In addition to expression of transferrin by macrophages I 

show that transferrin cleavage is localized to the inflammatory site, only after pathogen 
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induced, but not sterile inflammation. This result implies that there is an active-enzyme 

present only in the inflammatory site that mediates transferrin cleavage. While 

investigating the source of this enzyme I found that both pro-inflammatory neutrophils, 

and macrophages have the necessary enzymes to facilitate transferrin cleavage. However 

the possibly exists that a pro-enzyme is present in the serum that enters the inflammatory 

site, undergoes a separate cleavage event to become active. There may also be an enzyme 

produced by the peritoneal epithelium released into the inflammatory site.  

 Overall, my data, combined with the previous in vitro characterization of cleaved 

transferrin, suggests that cleaved transferrin products may contribute to acute 

inflammation in vivo by being produced during the early stages of inflammation (Haddad 

and Belosevic, 2009; Stafford and Belosevic, 2003; Stafford et al., 2001). The 

endogenous production of these cleaved transferrin products may participate in the early 

autocrine activation events of tissue-resident macrophages (Figure 8.1).  The up-

regulation of transferrin by macrophages is a primitive adaptation, that combined with the 

ability of macrophages to secrete cleavage enzymes may promote the propagation of 

inflammatory events. In this model pathogen binding initially activates resident 

macrophages. These resident macrophages, express, and potentially produce transferrin 

locally. This results in an initial increase in transferrin concentration. These macrophages 

secrete enzymes responsible for cleaving transferrin, resulting in subsequent cleavage to 

facilitate autocrine and paracrine activation of other macrophages. Later, during the 

inflammatory response, pro-inflammatory neutrophils enter the site and degranulate 

releasing more enzymes capable of cleaving transferrin. This further promotes the 

induction of anti-microbial responses, specifically NO production and secretion of pro-
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inflammatory cytokines such as MIP-1γ, RANTES, G-CSF, and IL-6 by macrophages 

(Haddad and Belosevic, 2009). This model also highlights the potential for a macrophage 

produced immune transferrin. The production of transferrin by macrophages may 

temporarily increase the local transferrin concentration at the inflammatory site. There 

would then be a subsequent decrease in transferrin concentration due to cleavage events, 

and an increase in holo-transferrin internalization by activated leucocytes. This would be 

a temporary decrease while transferrin concentration then exhibits a second increase due 

to serum protein influx later during acute inflammation. Finally, excess transferrin, and 

any remaining transferrin fragments would be further broken down by intra- and 

extracellular proteases, eventually being removed from the inflammatory site (Figure 8.1).  

 In a broader evolutionary context my data suggests that cleaved transferrin 

products may be present in vivo in other organisms. Transferrin molecules are present in a 

wide range of organisms, which was reviewed during Chapter 1 so will not be discussed 

here. To date, in vivo transferrin cleavage products have only been identified in teleost 

fish and humans (Britigan et al., 1993). It is noteworthy that the immunostimulatory 

ability of transferrin cleavage products can be extended to murine macrophage systems 

(Haddad and Belosevic, 2009). I showed that both neutrophils and macrophages have the 

ability to induce cleavage of full-length transferrin (chapter 4). Indeed, both transferrin 

and these phagocytes are highly conserved with homologues present in almost all 

organisms (Barreda et al., 2016; Browne et al., 2013; Lambert, 2005). Macrophages have 

been shown to increase expression of transferrin in response in inflammatory stimuli in a 

wide range of evolutionary lineages (chapter 4) (Djeha et al., 1995; Stafford and 

Belosevic, 2003; Yoshiga et al., 1999). Both endogenous enzymes (chapter 4), and 
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pathogens ranging from bacteria to protozoans (Britigan et al., 1993; Ruszczyk et al., 

2008) have the ability to facilitate transferrin cleavage. Therefore it is reasonable to 

speculate that transferrin cleavage products are present in other organisms. Discovering 

the presence and source of these cleavage products, whether pathogen or endogenous 

enzyme produced, could help elucidate this potentially primitive mechanism of 

inflammatory control. I hypothesize that immunostimulatory transferrin cleavage 

products would also be present in lower evolutionary taxa, specifically arthropods, given 

their ability to utilize transferrin as an immune molecule, being up-regulated by 

macrophages (Yoshiga et al., 1997), and being used as an anti-microbial molecule (Yun 

et al., 2009).   

5.1.2 Transferrin in iron transport or transferrin as an immune molecule? 

 The iron-binding capacity of transferrin and transferrin-like molecules has been 

demonstrated in several organisms, from mammals to organisms as distant as marine 

algae, for several decades (Lambert, 2012). However the characterization of transferrin as 

an immune molecule has received significantly less attention in the literature, and the 

discovery of transferrin’s immune functions have been much more recent compared to 

the iron-binding capability. The requirement for iron- and subsequently iron-binding 

proteins in all organisms from Archea to humans has been established (Weinberg, 2009). 

However, evidence of immune-molecules and immune-cells is also evident in the earliest 

origins of life with Archea and Bacterial biofilms having the capacity to remove dying 

cells; recycling nutrients and maintaining the clonal biofilm (Hall-Stoodley et al., 2004). 

Given the necessity of iron for all cell types, and the requirement for iron during the 
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initial stages of cellular development it seems more likely that transferrin would have 

evolved iron-binding capacity before it developed immune functions.    

5.2 Future directions 

5.2.1 What happens to transferrin cleavage products?  

 Throughout my Western blot experiments I noticed significant heterogeneity in 

transferrin cleavage product banding patters and appearance. One potential reason for this 

is that although the immunological effects of transferrin cleavage products have been 

well described the fate of transferrin cleavage products is unknown. Recently it has been 

found that cleaved transferrin products exert their immunological effects through a highly 

conserved 31 amino acid peptide that is identical between teleost fish and mice (Haddad 

and Belosevic, 2009). This suggests that the transferrin cleavage products detected by 

Western blot represent an initial transferrin-cleavage event, however there are subsequent 

cleavage events that result in peptides capable of macrophage-activation. These smaller 

cleavage products were not detected by Western blot indicating a more sensitive 

technique such as mass spectrometry could be used to further characterize the presence of 

immunostimulatory transferrin cleavage products present at the inflammatory site. Indeed, 

using mass spectrometry might also help elucidate the phenomenon of differential 

capacity of transferrin isoforms to induce anti-microbial effects (Jurecka et al., 2009).  

 In addition to the generation of smaller transferrin breakdown products the cell-

receptor, or receptors, have not been elucidated that bind transferrin cleavage products. 

Although I was able to show that peritoneal leucocytes have the capacity to remove 

transferrin cleavage products from the inflammatory site (Chapter 4) it is not known 
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whether they remove transferrin cleavage products by facilitating extracellular 

degradation of these products, or internalizing these products and degrading them through 

the intracellular proteasome. To investigate the down-stream consequences that await 

transferrin cleavage products I would need to generate recombinant-tagged 

immunoreactive transferrin-peptides. This would need to be done with something quite 

small, such as a V5 epitope that would not interfere with binding. I could then separate 

out leucocyte populations and examine banding patterns of these populations using 

Western blotting with a V5-epitope primary antibody. To ensure effective binding of the 

anti-microbial peptide I would have to monitor NO responses, and cytokine production. I 

predict that in analysing sub-populations I would see significant association of 

transferrin-peptide with macrophages. I may also see association of transferrin-peptide 

with neutrophils and/or lymphocytes as it has also been noted that these two sub-

populations also express a suite of PRR’s, capable of recognizing DAMPs (Zhang and 

Mosser, 2008). However this transferrin peptide may also bind briefly to its receptor, 

exerting its anti-microbial effect, and then may be immediately degraded extracellular 

which would result it no detection of banding by Western blot. Therefore supernatants 

from transferrin-peptide and leucocytes would also be analysed for smaller bands 

containing the epitope tag.  

5.2.2 Do transferrin cleavage products have a direct effect on neutrophils? 

 Effects of transferrin cleavage products on macrophages have been well described. 

These cleavage products likely act on macrophages in vivo causing production of pro-

inflammatory cytokines that act on neutrophils thereby indirectly activating neutrophils.  

However the direct effects of transferrin cleavage products on neutrophils have not been 
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investigated, despite neutrophils playing a critical role during acute inflammation. Indeed, 

in zymosan induced peritonitis neutrophils are the primary infiltrating cell type, being the 

first leucocyte to see significant influx into the inflammatory site, and comprising nearly 

50% of the infiltrating leucocyte populations (Havixbeck et al., 2016; Rieger et al., 2012; 

Rieger et al., 2015). I briefly investigated the role of neutrophils in generating transferrin 

cleavage products (Chapter 4), and showed that pro-inflammatory neutrophils posses 

enzymes necessary to facilitate initial transferrin cleavage events. To investigate the 

direct effects of transferrin on neutrophils I could use a neutrophil culture technique 

previously reported by Katzenback and Belosevic (2009) and treat these cells with the 

immunoreactive transferrin-peptide (Haddad and Belosevic, 2009). I could then monitor 

the ability of these neutrophils to induce respiratory burst, produce pro-inflammatory 

cytokines, and undergo degranulation. Given the pro-inflammatory effects of transferrin 

cleavage products noted on macrophages I predict that transferrin cleavage products 

would also be able to act directly on neutrophils to further promote pro-inflammatory 

responses.  

5.3 Relevance  

5.3.1 To basic biology 

 Transferrin is critical to a number of biological processes, including: iron 

metabolism, host sequestration of iron from pathogens, cell maturation, and during 

inflammation. By studying the contributions of transferrin to acute inflammation we will 

gain a better understanding of this, potentially primitive, mechanism of immune 

activation and regulation. Further it will shed light on the evolutionary development of 
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the ability of damaged-self molecules to tailor the immune response to ensure effective 

pathogen clearance, while maintaining host-tissue integrity.  

5.3.2 To medicine 

 To date there is significant work in manipulating transferrin for its role in iron 

metabolism. For example, injection of transferrin has been used to abrogate the effects of 

iron overload diseases (Lie et al., 2009). In addition to manipulating transferrin for use in 

iron metabolism diseases, transferrin has been used for targeted delivery of drugs, 

proteins, and even genes to combat various diseases (Qian et al., 2002). Given that 

transferrin cleavage products are commonly found in the lungs of cystic fibrosis patients 

(Britigan et al., 1993) investigating the role of transferrin cleavage products as an 

immune activator could have other broad medical applications.  

5.4 Summary 

 The main objective of my M.Sc. was to investigate the regulation of cleaved 

transferrin products during acute inflammation. I specifically focused on the ability of 

cleaved transferrin products during the activation stage of acute inflammation, 

investigating a) are we able to use transferrin as a broader marker for the early stages of 

the acute inflammatory response and b) if transferrin cleavage products play a role during 

acute inflammation in vivo. My research has shown for the first time the endogenous 

production of cleaved transferrin products in vivo. The identification of transferrin 

cleavage products early in pathogen induced, but not sterile, inflammation suggests that 

transferrin cleavage products may participate during the early activation events of acute 

inflammation. Indeed, given the presence of transferrin, and transferrin-like cells present 
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in almost all organisms cleaved transferrin products may be a highly conserved activation 

mechanisms of the innate immune system.  
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Figure 5.1 – Proposed model of macrophage activation by endogenous production of 

cleaved transferrin products. Pathogen invasion results in increased expression of 

transferrin, and subsequent cleavage by resident macrophages. Later in the inflammatory 

response there is neutrophil and serum protein influx. Neutrophils degranulate, further 

cleaving full-length transferrin and activating macrophages.  
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